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Abstract 
A new hazard index is presented to estimate and rank Tropical Cyclone or 
Hurricane severity according to storm damage and death toll at landfall. The index is 
derived and tested for hurricanes making landfall on the continental United States, 
being the most comprehensive data available. The index uses the three characteristic 
meteorological aspects of hurricanes that lead to fatalities and damage; wind, rainfall 
and storm surge.  
The contributions of each of these three aspects are parameterised by sub-indexes 
that include the key physical parameters describing the impact of each process and 
which are combined to determine the total hazard.  Rainfall is identified as an important 
and frequently dominant hazard in terms of damage and death toll, but is not included 
in any current hazard scales or indexes. The new rainfall sub-index adopts rainfall 
intensity, storm rainfall area, and the forward speed of the system to estimate the 
rainfall hazard.  
The new hazard index, applied to recent U.S. hurricanes (2003–2012) at landfall, 
has better skill than existing scales in terms of ranking the severity of the events in 
terms of both damage and death toll. Further, the land characteristics of rainfall 
impacted areas are assessed to demonstrate flood-related vulnerability. Maps of 
hydrological soil type, land use and elevation are combined to generate NRCS curve-
numbers as the primary hydrological indicator and the population at risk (exposure) as 
the social indicator. Including the land characteristics provides some improvement in 
the model-data correlation but significant variance remains, partially attributed to 
uncertainty in the social data.  
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1 Chapter 1: INTRODUCTION 
1.1 Background 
Among the most important and dynamic natural environments worldwide, 66% 
of the world population lives within a few kilometers of the 440000 km long coastline. 
The coastal zone supports many different kinds of activities, including tourism, 
fisheries and aquaculture, entertainment, and transportation (Escudero Castillo et al., 
2012, Kumavat and Tapkire, 2015).  
There are many important and highly populated cities in this region such as 
Miami, Guangzhou, New York, Kolkata, New Orleans, Osaka, Tokyo, Mumbai, and 
Shanghai. Nearly 60 percent of the world’s population live and work within 100 miles 
of the coast (Hinrichsen, 1998). In the United States, coastal counties with only 17 
percent of the total land area (excluding Alaska) account for 53 percent of the total 
population (Crossett et al., 2004).  
Although coastal zones are attractive for people to live, they are impacted by 
different natural phenomena, mostly of hydro-meteorological origin, such as waves, 
wind, tides, and rainfall which can reach extraordinary magnitudes during the 
occurrence of severe events such as Tropical Cyclones (a generic term for a 
Hurricane, Typhoon or tropical storm) and tsunami. The direct consequences of these 
extreme events are flooding (caused by sea level rise, surge and rainfall) and beach 
erosion (due to increase in current velocities and wave energy), as well as inundation, 
sediment migration, and landslide.  
A combination of these causes land loss, damage to infrastructure and natural 
habitats, ecological imbalance, health problems in the population and instability in 
2 
 
economic activities (Escudero Castillo et al., 2012, Tran and Shaw, 2007, van der 
Weide, 1993). Interestingly, the risk of living in these areas is increasing in parallel 
with the growing population and wealth of these regions (Peduzzi et al., 2012a).  
As illustrated in Table 1.1 and Table 1.2, Tropical Cyclones are one of the 
deadliest natural processes in the world, and it is, therefore, crucial to identify, 
understand and simulate tropical cyclones to be able to reduce vulnerability. An 
essential requirement is to reduce risk by modifying and making new policies to 
prepare and act efficiently before, during and after the event of the occurrence of such 
natural hazards. A good example of failure to do this was in the Brisbane 2011 flood, 
where failure to account for forecast rainfall led to non-optimal dam releases (van den 
Honert and McAneney, 2011). 
 
 
Rank Death Toll Event Location Date 
1 1- 4 million Flood China 1931 
2 242000-655000 Earthquake China 1976 
3 500000 Bhola Cyclone Bangladesh 1970 
4 280000 Tsunami Indonesia 2004 
5 273400 Earthquake China 1920 
6 229000 Supertyphoon Nina China 1975 
7 160000 Earthquake Haiti 2010 
8 145000 Flood China 1935 
9 142000 Earthquake Japan 1923 
10 138866 Cyclone Bangladesh 1991 
 
Table 1.1: The ten deadliest natural disasters since 1900, (NOAA, 2011). 
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Rank Death Toll Event Location Date 
1 500000 Bhola Cyclone Bangladesh 1970 
2 300000 Indian Cyclone India 1839 
3 300000 Calcutta Cyclone India 1737 
4 229000 Supertyphoon Nina China 1975 
5 200000 
Great Bacherganj 
Cyclone 
Bangladesh 1876 
6 150000 Haiphong Typhoon China 1881 
7 138866 Bangladesh Cyclone Bangladesh 1991 
8 138366 Cyclone Nargis Myanmar 2008 
9 100000 Bombay Cyclone India 1882 
10 80000 Bengal Cyclone India 1864 
 
Table 1.2: The ten deadliest tropical cyclones, (Longshore, 2008, NOAA, 2011). 
 
Moreover, tropical cyclone hazards are growing for a number of reasons. Firstly, 
due to the increasing population and value of infrastructure in coastal regions (Crosset, 
2005), where the present annual global damage from tropical cyclones is US$ 26 
billion, and this is expected to become US$ 56 billion annually by 2100, more than 
double (Mendelsohn et al., 2012). Further studies assert that the combined global 
population and wealth exposed to tropical cyclones in 2050 will be 2.8 times greater 
than 2006 values, without taking into account the effects of climate change on the 
intensity, frequency and trajectory of tropical cyclones (Pielke, 2007). Secondly, it is 
expected that climate change will increase the intensity of severe tropical cyclones 
(categories four and five on the Saffir-Simpson Hurricane Scale) in the future. 
Predictions suggest an increase in the global tropical cyclone intensity of 10-15% by 
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2050 but no expected change in frequency (Henderson-Sellers et al., 1998). An 
increase in the tropical cyclone precipitation rate of 20% - 30% is also expected due 
to the effects of global warming (IPCC, 2001), together with a poleward shift of tropical 
cyclone tracks by 0.15-0.6 degree of latitude per decade, again from global warming 
(Bender et al., 2012). More importantly, an increase of the order of 20% in the 
precipitation rate is expected inside 100 km [62 miles] of the storm center (Knutson et 
al., 2010). 
 
1.2 Rationale for this study 
Tropical Cyclones affect society directly and indirectly. They damage farms 
crops, forests, industry, buildings, and kill a considerable number of people annually. 
On the other hand, Tropical Cyclones may alter the political future of the world when 
the performance of a U.S president faced with people impacted by Hurricane Sandy, 
just a week before the election, influenced the result  (Lexigton, 2012). 
Increasing public awareness of the devastating damage that natural phenomena 
can produce in coastal zones, the threat of climate change and the recognition of 
disaster prevention as a means to ensure social safety and welfare have led to the 
development of initiatives, tools, and models for hydro-meteorological risk assessment 
worldwide (Escudero Castillo et al., 2012).   
Warning systems are one the most important tools for reduction of life and 
property losses from natural hazards. In these mechanisms, scales and indices that 
show the severity of the phenomena are always considered by decision makers to 
promote public awareness. Also, indexes and scales can be used for research 
purposes, such as comparing different tropical cyclones in various ocean basins (i.e. 
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to ease communication among scientists). Furthermore, the improvement of tropical 
cyclone scales may help insurance companies to make a better estimation of the risk 
of the event and future exposure to losses. 
 
1.2.1 Tropical Cyclone Hazards 
Three main hazards are induced by tropical cyclones: firstly, tropical cyclones 
can generate severe wind speeds greater than 155 mph [250mkh], (Hurricane 5 
according to Saffir-Simpson Hurricane scale or SSHS), sufficient to blow down all trees 
and destroy buildings, figure 1.1. Secondly, strong wind and low pressure can push 
the seawater surface to create more than 6 meters storm surge height that can cause 
catastrophic damage to coastal properties, figure 1.2. Thirdly, tropical cyclones are, 
usually, associated with heavy rainfall that can be more than 40 inches [1000 mm] for 
a given tropical cyclone (over a couple of days), figures 1.3 & 1.4. 
 
 
Figure 1.1: Tropical Cyclone intense wind damage, Hurricane Andrew (1992), Palm 
Beach, FL. Photo: Carlos Frias, Palm Beach Post. 
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Figure 1.2: Tropical Cyclone Surge Power, Super Typhoon Haiyan (11 NOV 2013), 
Tacloban, Philippines. Photo: AFP/ Noel Celis. 
 
 
 
Figure 1.3: Tropical Cyclone Flood Damage, Cyclone Marcia 2015, QLD, Australia. 
Photo: Polair. 
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Figure 1.4: The maximum rainfall caused by tropical cyclones per state in the US in 
Inches (1950-2012), www.wpc.ncep.noaa.gov/tropical/rain/tcstatemaxima.gif. 
 
 
The effects of tropical cyclones vary in different areas. For instance, the 
consequence of ocean and riverine surge along with the wind are the dominant 
destructive elements in the narrow coastal area, while heavy rain and strong wind 
prevail in some areas.  
High-intensity rainfall over a relatively short period can cause severe flooding 
that can increase the loss of life and property. Hurricanes may deliver as much as 12 
inches [~305mm] of rainfall in a day over large areas and even higher in localized 
regions. Consequently, the watershed runoff fills rivers more quickly than they can 
drain. Then, the water level can increase at the head of tidal estuaries as storm-driven 
waters surging in from the ocean meet rainfall flowing from the estuaries (Harris, 
1963). For instance, Hurricane Jeanne (2004) produced heavy rain and caused an 
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estimated 3000 or more deaths from a total of 3035 total deaths in Haiti due to rainfall 
flooding and a high tide (Lawrence and Cobb, 2005).  
Floods were the most hazardous aspects of tropical cyclones (1970-1999) in 
USA (Rappaport 2000, Figure 1.5) and can be caused by either storm surge (a 
temporary rise in ocean level), torrential rainfall in the coastal zones or affected by an 
integration of both. Freshwater flooding caused almost 60% of fatalities in this period. 
Rappaport (2014) repeated the same assessment over a longer period (1963-2012). 
The proportion of fatalities caused by excessive rainfall is still significant at 27% over 
the longer period but secondary to storm surge, which generates 49% of fatalities. 
However, the change arises principally because of the number of casualties in 
Hurricane Katrina, which is clearly an outlier in the data as illustrated later. 
 Rappaport (2014) also shows that the most common cause of fatality is rainfall; 
in almost half of the deadly tropical cyclones there is, at least, one death from 
freshwater flooding. Consequently, for the reasons discussed, research on floods 
caused by tropical cyclones is a priority and crucial issue. 
 
Figure 1.5: Leading Causes of Tropical Cyclone Deaths in the U.S 1970- 1999 
(Rappaport, 2000). 
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There are a number of existing scales that use different methods to estimate the 
severity and probability of tropical cyclone losses. The majority of these scales are 
based on the intensity of the reference wind speed, and the remainders are based on 
the magnitude of the tropical cyclones kinetic energy or the total energy released by 
tropical cyclones. However, although significant losses are caused by floods induced 
by tropical cyclones, there is no index or scale that is correlated with tropical cyclone 
rainfall characteristics.  
 
1.3 Research Gaps 
There is a range of existing scales that use different methods to estimate the 
severity and probability of tropical cyclone losses, discussed in chapter 2. The majority 
of these scales are based on the intensity of the reference wind speed, and the 
remainder are based on the magnitude of the tropical cyclone kinetic energy or total 
energy that is released by tropical cyclones. But, unfortunately, as was noted in section 
1.2.1, although significant losses are caused by floods-induced by tropical cyclones, 
there is no scale that is correlated with tropical cyclone rainfall characteristics. 
This study aims to address this gap by deriving a new scale, by adding the effects 
of rainfall and the characteristics of land impacted by rainfall to develop a new scale 
that better describes the impact of Tropical Cyclones and which provides quantitive 
estimates of death toll and damage. Such a scale may also enable improved 
communication between scientists, decision-makers, and the public to inform crucial 
evacuation operations. It is likely that this scale would need to be based on rainfall 
characteristics, such as rainfall Intensity, rainfall Duration and also rainfall Distribution, 
plus associated wind and storm surge characteristics (the meteorological aspects). In 
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addition, the aim is to develop a new Tropical Cyclone Risk Index, associated with 
both socio-economic and hydrologic factors (the land aspects). This may improve 
professional communication between scientists, decision makers, and disaster 
response authorities, for proper preparation of relief and emergencies response within, 
and especially after, the occurrence of the event according to the probability of 
damage estimated by the index. In addition to rainfall characteristics, such an index 
requires catchment and societal characteristics, potentially including bathymetry, 
topography, soil type, and condition, population and property density, watershed unit 
hydrograph, and land cover type. 
  As discussed in the background, the historical record of features such as mean 
return periods of tropical cyclones or the area below a given yearly water elevation 
have uncertainty due to changes in intensity and track of tropical cyclones resulting 
from climate change. Therefore, some areas may face tropical cyclones for the first 
time shortly.  
 This thesis organized as follows. Chapter 2 explores the literature and previous 
work that is relevant to this study including the history of existing tropical cyclone 
scales and indexes and their limitation on accuracy. Although the current scales are 
simple and easily understandable, but they are not a representative of all tropical 
cyclone hazards. Chapter 3 provides the methodology for developing the three new 
individual hazard indexes and a total hazard index, based on the meteorological 
characteristics of tropical cyclones. Characteristics such as rainfall Intensity, rainfall 
distribution, and rainfall duration are considered for the first time as the indicators for 
developing a rainfall index. Chapter 4 presents the results from applying this 
methodology to US Hurricanes (2003-2012) and the testing and validation process. 
The Leave-One-Out-Cross Validation method is used in the training and testing 
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process. The new developed indexes are compared to existing scales then the result 
discussed in section 4.1 and 4.2. Chapter 5 will explore a methodology to assess the 
role of a number of land characteristics of the impacted areas on the vulnerability of 
affected regions. National Resources Conservation Service Curve Number (NRCS-
CN) is used as an indicator for considering the effects of land characteristics such as 
soil type and land cover. The CN map is generated by means of the HEC-GEOHMS 
extension tool of ArcGIS. Also, the vulnerability population is calculated for hurricane 
impacted areas in the ArcGIS environment. Chapter 6 presents the results of applying 
this approach to selected US Hurricanes. The effects of land characteristics and the 
population at risk on damage and death toll are checked by comparong hurricane 
Jeanne with Frances and hurricane Rita with Irene. Finally, different death toll reasons 
such as freshwater drowning, salt water drowning, tree fall, car accident and fire are 
analysed for the selected hurricanes. Chapter 7 provides an overall summary, 
discussion and conclusions of the study. Some further information and modelling of 
different scenario are presented in Appendices A-C. 
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2 Chapter 2: Selected Literature Review 
2.1  Introduction 
The scientific term Tropical Cyclone describes a single well-defined natural 
phenomenon, which in the northwest Pacific is called a “Typhoon” while in the 
northwest Atlantic it is known by the name “Hurricane” (of Caribbean origin). The latter 
name is applied also in the northeast Pacific, while the Tropical Cyclone is used in the 
southwest Pacific and the Indian Ocean (Lighthill, 1998), Figure (2.1). 
 
Figure 2.1: Local names for Tropical Cyclones in different ocean basins. 
 
A tropical cyclone is a cyclone that forms over tropical oceans and is driven 
principally by heat transfer from the ocean. In the northwest Atlantic and northeast 
Pacific basins, tropical cyclones with maximum wind speeds of 17 m/s [34 kt, 39 mph] 
or less, are called  Tropical Depressions; they are known as Tropical storm when their 
wind speed are between 18 and 32 m/s [34-63 kt, 39-73 mph], whereas as shown in 
Figure (2.1), tropical cyclones with maximum wind speeds of 33 m/s [64 kt, 74 mph] 
or greater are known as hurricanes in the eastern North Pacific and western North 
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Atlantic and basins, Typhoon in the western North Pacific, and severe tropical 
cyclones elsewhere  (Emanuel, 2003). The above mentioned wind speeds which are 
used in various ocean basins and forecasting centres with some minor differences are 
shown in Table (2.1). Although this study concentrates on US hurricanes, it is 
extendable to other kinds of tropical cyclones in various ocean basins. 
There are several environmental conditions which are required for tropical cyclone 
to form (Gray, 1968,  1978, 1988): 
i. At least 26.5oC [80o F] warm ocean water during the whole of an adequate 
depth of water (at least on the order of 50 m [150 ft]). Although Dare and 
McBride (2011) found that 98.3% of all tropical cyclone formation over the 
period 1981-2008 occur at sea surface temperature values exceeding 25.5oC, 
they suggest that the 26.5oC-36h SST threshold is also valid (Tory and Dare, 
2014).  
ii. An atmosphere that cools with height.  
iii. Relatively moist layers (layer with high humidity) close to the mid-troposphere 
(5 km [3 mi] elevation).  
iv. A minimum distance of 300 miles [500 km] from the equator (There is a 
requirement of the Coriolis force for a tropical cyclone to form).  
v. An existing near-surface disturbance with adequate vorticity and convergence.  
vi. At least 10 m/s [23 mph 20 kt] of vertical wind shear between the surface and 
the upper troposphere (Gray, 1968, 1978). 
 While these conditions have been long been recognized as required for Tropical 
Cyclones to form, they are not always sufficient and it is not completely clear which 
combinations of conditions are necessary for a tropical cyclone to develop (Tory et al., 
2013).
 14 
 
Tropical Cyclone Classification in Different Basins 
1-minute sustained winds 10-minute sustained winds 
NE Pacific & N 
Atlantic 
NW Pacific NW Pacific N Indian Ocean SW Indian Ocean Australia & S Pacific 
<32 knots (37 mph; 59 km/h) <28 knots (32 mph; 52 km/h) 
Tropical Depression 
Tropical 
Depression Tropical 
Depression 
Depression 
Zone of Disturbed 
Weather Tropical Disturbance 
Tropical Depression 
Tropical Low 
33 knots (38 mph; 61 km/h) 28–29 knots (32–33 mph; 52–54 km/h) 
Deep Depression 
Tropical Disturbance 
34–37 knots (39–43 mph; 63–
69 km/h) 
30–33 knots (35–38 mph; 56–61 km/h) 
Tropical Storm Tropical Storm 
Tropical Depression 
38–54 knots (44–62 mph; 70–
100 km/h) 
34–47 knots (39–54 mph; 63–87 km/h) Tropical Storm Cyclonic Storm Moderate Tropical Storm 
Category 1 
tropical cyclone 
55–63 knots (63–72 mph; 102–
117 km/h) 
48–55 knots (55–63 mph; 89–102 km/h) 
Severe Tropical 
Storm 
Severe Cyclonic Storm Severe Tropical Storm 
Category 2 
tropical cyclone 64–71 knots (74–82 mph; 119–
131 km/h) 
56–63 knots (64–72 mph; 104–117 km/h) 
Category 1 hurricane 
Typhoon 
72–82 knots (83–94 mph; 133–
152 km/h) 
64–72 knots (74–83 mph; 119–133 km/h) 
Typhoon 
Very Severe 
Cyclonic Storm 
Tropical Cyclone 
Category 3 severe 
tropical cyclone 
83–95 knots (96–109 mph; 154–
176 km/h) 
73–83 knots (84–96 mph; 135–154 km/h) Category 2 hurricane 
96–97 knots (110–112 mph; 178–
180 km/h) 
84–85 knots (97–98 mph; 156–157 km/h) 
Category 3 major 
hurricane 98–112 knots (113–129 mph; 181–
207 km/h) 
86–98 knots (99–113 mph; 159–
181 km/h) 
Extremely Severe 
Cyclonic Storm 
Intense Tropical Cyclone 
Category 4 severe 
tropical cyclone 113–122 knots (130–140 mph; 209–
226 km/h) 
99–107 knots (114–123 mph; 183–
198 km/h) 
Category 4 major 
hurricane 
123–129 knots (142–148 mph; 228–
239 km/h) 
108–113 knots (124–130 mph; 200–
209 km/h) 
Category 5 severe 
tropical cyclone 
130–136 knots (150–157 mph; 241–
252 km/h) 
114–119 knots (131–137 mph; 211–
220 km/h) 
Super Typhoon Super Cyclonic 
Storm 
Very Intense Tropical 
Cyclone >137 knots (158 mph; 254 km/h) >120 knots (140 mph; 220 km/h) Category 5 major 
hurricane 
Table 2.1:  Tropical Cyclone names and classification in different basins (World Meteorological Organization, 2015, 2014, Neumann, 
1993).
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2.2 Existing Tropical Cyclone Scales 
Tropical cyclones are categorized based on their wind speed in almost all 
existing scales. A 10-minute average wind speed at the standard reference height of 
10 meter is taken as the surface wind speed, except the USA where they use a 1-
minute average. A review of the existing tropical cyclone scales and indexes based on 
their intensity, severity or impact follows below. 
2.2.1 Fujita (F) and Enhanced Fujita (EF) 
The Fujita scale is the earliest scale used to classify hurricanes. Fujita (1971) 
proposed a scale of damaging wind for Tornados in 1971. It divided tornadoes into six 
different groups from F0 to F5 according to the wind speed from less than 73 mph [117 
kph] to 318 mph [511 kph]. This scale was used to classify tropical cyclones until 1974 
when the Saffir-Simpson scale was introduced. In 2004, the Wind Science and 
Engineering Centre of Texas Tech University derived a new model, named Enhanced 
Fujita (EF), due to limitations of the Fujita scale. They divided tornadoes into six 
different categories from EF0 to EF5 (Table 2.1) based on the 3s guest wind speeds 
at 10m elevation in the flat open terrain (Fujita, 1971).  
Fujita Scale Enhanced Fujita Scale (since 2007) 
F0 40-72 mph winds EF0 65-85 mph winds 
F1 73-112 EF1 86-110 
F2 113-157 EF2 111-135 
F3 158-206 EF3 136-165 
F4 207-260 EF4 166-200 
F5 261-318 EF5 >200 mph 
Table 2.2: Wind speeds in the Fujita & Enhanced Fujita Scales. 
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2.2.2 Saffir-Simpson Hurricane Scale (SSHS) 
           The Saffir-Simpson Hurricane Scale (Table 2.2) is the first accurate hurricane 
scale that was derived by meteorologist Bob Simpson and civil engineer Herbert Saffir 
(Simpson and Saffir, 2007, Simpson, 1974). The SSHS has been used extensively for 
hurricane emergency response for more than 30 years. It classifies tropical cyclones 
that exceed the intensities of tropical depressions or tropical storms into five 
categories, distinguished by the intensities of the sustained wind speed. In this scale, 
hurricane category 1 starts with a sustained wind speed of more than 74 mph [120 
kph], finishing with category 5 with a sustained wind speed greater than 156 mph [250 
kph], (Saffir, 1977). The SSHS is still used in many countries, with a minor change to 
the sustained wind speed thresholds. 
 
Saffir-Simpson Hurricane Scale (SSHS) 
Category 
Wind Speed 
mph knots 
5 > 156 > 135 
4 131-135 114-134 
3 111-130 96-113 
2 96-110 84-95 
1 74-95 65-83 
Non-Hurricane Classifications 
Tropical Storm 39-73 34-64 
Tropical 
Depression 
0-38 0-33 
  
Table 2.3: The Saffir-Simpson Hurricane Scale (SSHS), NOAA. 
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2.2.2.1 Limitation of the SSHS 
Although, proponents of the SSHS assert that part of the goal of SSHS is to be 
straightforward and simple, there is some criticism of the SSHS for not taking rain, 
storm speed, storm size (the radius of maximum wind speed) and other relevant 
factors into consideration (Kantha, 2006, Powell and Reinhold, 2007, Simpson and 
Saffir, 2007, Hsu and Blanchard, 2008, Kantha, 2008, Irish and Resio, 2010). 
During the 2004 Atlantic hurricane season, the limitations of the SSHS were 
demonstrated when it did not provide a correct estimation of the hazards that occurred.  
Kantha (2006) proposed it was time to replace the Saffir-Simpson Hurricane Scale 
and outlined its limitations. Kantha (2006) suggested that a continuous scale with a 
dynamical basis would allow emergency response officials to make better evacuation 
decisions than are possible with the current discrete and rather arbitrary SSHS. For 
example, a Category 4 hurricane (according to SSHS) is downgraded to Category 3 
when its maximum wind speed declines from 131 to 130 mph, even though its intensity 
has not changed remarkably. This is confusing to the public and decision-makers. For 
example, there is no rational basis to suggest an evacuation should be canceled when 
the maximum wind speed decreases marginally. Kantha (2006) asserted that a more 
continuous scale like the Richter scale might be more useful.  
  In some cases, such as cyclone Ita (2014) and Oswald (2013), which made 
landfall (the storm crosses the coast) in Queensland, Australia, as well as hurricane 
Jeanne (2004) in Haiti, the flood damage may far exceed the wind damage. This is 
also true of tropical storms and weak hurricanes that move slowly through a river basin 
(Kantha, 2006). For example, the greatest impact from Ita (2014) resulted from heavy 
rains where many areas received up to 300 mm [12 in] in 24 hours while wind and 
storm surge damage was minor (Bureau of Meteorology, 16 April 2014, Bureau of 
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Meteorology, 18 September 2014). Cyclone Ita was responsible for 1 billion AUD 
(Australian Dollar) of damage (Global Catastrophe Recap, 2014). Consequently, an 
index indicating the total rainfall to be expected from the hurricane would also be useful 
for emergency response (Kantha, 2006). Also, Powell and Reinhold (2007) enumerate 
some further drawbacks of the SSHS scale. It is noted that other than wind intensity, 
the area encompassed by wind speed thresholds plus wind radii (the radius of 
maximum wind speed) are necessary for estimation of destructive potential. 
Hebert et al. (2010) stated that the SSHS is not adequate to measure the actual 
destructive potential because it is based only on maximum sustained wind speed while 
storm surge is more related to storm size, not just wind speed (Nielsen, 2009). They 
added that the SSHS is not a good estimate of potential damage because it does not 
consider tropical storms and assumes all hurricanes within the same category are 
alike. 
 
2.2.3 The Hurricane Severity Index (HSI) 
This scale was introduced by Hebert et al. (2010) and defines the strength and 
destructive capacity of a given storm. It incorporates both the intensity of the wind and 
the size of the storm. The HSI is a 50-point scale; 25 points relate to the storm size 
(Table 2.3), and 25 points relate to the tropical cyclone intensity. The differences 
between HSI and SSHS are clear in Figure 2.2 and Table 2.4. 
  The HSI was incorporated into a damage prediction model (Hebert et al., 2010). 
This model employs the multiple polynomial regression techniques, using the size and 
intensity components of HSI, the maximum storm surge and a vulnerability index (the 
vulnerability parameter is a proxy for wealth exposure). 
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Figure 2.2: Differences between hurricane Ivan and Dennis (at landfall) according to 
the SSHS and the HSI, (Hebert et al., 2010). 
 
 
Saffir-Simpson Hurricane Scale VS HSI 
SSHS 
HSI Size HSI Intensity HSI Total 
Low High Low High Low High 
Tropical Depression 0 0 1 1 1 1 
Tropical Storm 1 7 1 4 2 11 
Cat1 Hurricane 3 15 5 7 8 22 
Cat2 Hurricane 3 25 8 10 11 35 
Cat3 Hurricane 4 25 11 13 15 38 
Cat4 Hurricane 4 25 15 20 19 45 
Cat5 Hurricane 4 25 22 25 26 50 
  
Table 2.4: A complete breakdown of the possible points for any tropical cyclone from 
a Tropical Depression to a category five hurricane (Hebert et al., 2010). 
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The damage resulting from the wind is proportional to the energy of the airflow, thus, 
the destructive force of the wind is related to square of the wind speed (Pielke and 
Pielke, 1997). The 25 intensity points were assigned according to the following formula 
(Figure 2.3): 
 HSI intensity points = 0  (𝑉𝑚𝑎𝑥 < 30) 
 HSI intensity points = [
𝑉𝑚𝑎𝑥
30
]
2
     (30 ≤ 𝑉𝑚𝑎𝑥 ≤ 150) 
 HSI intensity points = 25              (𝑉𝑚𝑎𝑥 > 150) 
Note that a tropical depression with 30 kt maximum wind speed earns 1 intensity point 
and a hurricane with 150 kt maximum wind speed receives 25 intensity points (Figure 
2.3). Table 2.5 has been used for estimating how many size points a tropical cyclone 
would receive. The effective radius is defined as follows: 
      Wind Radii = Effective Radius = 0.5√(RNE2 + RSE2 + RSW2 + RNW2)                   (1) 
 
where RNE stands for Radius of certain wind speed in The North-East quadrant and 
Wind Radii is the radius of a certain (maximum) wind speed. 
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Figure 2.3: The polynomial relationship between wind force and wind velocity (black 
curve line) which is used in the HSI scale, compared with a linear relationship, (Hebert 
et al., 2010). 
Wind Radii (kts) Size Point Range 
35 1-3 
50 1-4 
65 1-8 
87 1-10 
  
Table 2.5: Relationship between storm size and size points awarded to tropical 
cyclones, (Hebert et al., 2010).  
 
2.2.4 Integrated Kinetic Energy (IKE) 
Powell and Reinhold (2007) developed a new model for the destructive 
potential of a tropical cyclone by integrating the kinetic energy. They asserted IKE was 
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more relevant to damage by wind, storm surge and waves than the Saffir-Simpson 
hurricane scale (Powell and Reinhold, 2007). IKE is calculated from the wind field by 
integrating the energy per unit volume over the storm domain volume (V) including 
sustained surface wind speed (u).  They are used volume elements (dV) from an 
objectively analysed, gridded wind field over a storm-centered 8° latitude domain 
having grid cells ~6 km on a side and 1 m in the vertical (centered at the 10-m level).                                 
                                                𝐼𝐾𝐸 = ∫
1
2
𝜌𝑢2𝑑𝑣𝑉                                                   (2) 
Kinetic energy is relevant to the wind destructive potential since it scales with 
the wind load acting on a structure (ASCE, 2005), 𝑃 =
1
2
𝜌𝑢2. Of relevance to storm 
surge and wave destructive potential, storm surges and waves generated by the shear 
stress of the wind on the ocean surface also scale with kinetic energy. 
 
2.2.5 The Hurricane Intensity Index & Hurricane Hazards Index 
Kantha (2006) asserted that wind damage on a given structure must be 
proportional to the rate of work done by the wind and not the force exerted by the wind 
on the structure. Therefore, they introduced the Hurricane Intensity Index (HII) and 
The Hurricane Hazards Index (HHI) as below (Equation 3 & 4 and Table 2.5).  
𝐻𝐼𝐼 = (
𝑉𝑚𝑎𝑥
𝑉𝑚𝑎𝑥0
)
2
                                              (3) 
𝐻𝐻𝐼 = (
𝑅
𝑅0
)
2
(
𝑉𝑚𝑎𝑥
𝑉𝑚𝑎𝑥0
)
3
(
𝑆0
𝑆
)                                (4) 
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where R is the radius of hurricane force winds, S is the forward speed of the hurricane, 
V is the maximum velocity of the rotating wind, and subscript 0 indicates references 
values. Table 2.6 shows although Hurricanes Katrina, Rita, and Wilma have the same 
intensity (category 3 according to SSHS and 2.9, 2.6 and 2.6, respectively according 
to HII), the hazards are significantly different as defined by the HHI, as Katrina (19.3) 
has approximately threefold the value of Wilma (6.6).                                         
 
New indexes for some well-known hurricanes 
Name 𝑉𝑚𝑎𝑥 ,  mph R, miles S, mph HII HHI SSHS 
Andrew 165 60 16 5.0 10.4 5 
Katrina 125 120 15 2.9 19.3 3 
Rita 120 85 12 2.6 9.9 3 
Wilma 120 90 20 2.6 6.6 3 
 
Table 2.6: Comparison of HII, HHI and SSHS for four well known Atlantic hurricanes 
at landfall, (Kantha, 2006). 
 
 
2.2.6 Total Power Dissipation (PD) 
Emanuel (2005) defines an index for the destructive potential of hurricanes 
according to the total power dissipation (the total loss of power during storm), 
integrated over the hurricane lifetime (the part of the storm duration that the maximum 
wind speed is more than 33 m/s [64 kt, 74 mph]. Findings show that the record of net 
hurricane power dissipation (PD: which means Power Dissipation or net Power 
Dissipation and PDI which is Power Dissipation Index) is highly correlated with tropical 
sea surface temperature, reflecting well-documented climate signals including 
multidecadal oscillation in the North Atlantic and North Pacific (Emanuel, 2005). 
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Emanuel found that the actual monetary loss resulting from wind damage increases 
roughly with the total power dissipated. He introduced the following formula for 
estimating the total Power Dissipation (Equation 5).  
                                          𝑃𝐷 = 2𝜋 ∫ ∫ 𝐶𝐷𝜌|𝑉|
3𝑟 𝑑𝑟 𝑑𝑡
𝑟0
0
𝜏
0
                                  (5) 
where 𝐶𝐷 is the surface drag coefficient, 𝜌 is the surface air density, |𝑉| is the 
magnitude of the surface wind, and the integral is over a radius to an outer storm limit 
given by  𝑟0 and over  𝜏 , the lifetime of the storm. The quantity of PD has the units of 
energy and reflects the total power (more correctly, the energy) dissipated by a storm 
over its life. Also Emanuel recommends a simplistic 𝑃𝐷 ≡ ∫ 𝑉𝑚𝑎𝑥
3𝜏
0
 𝑑𝑡 formula for the 
high wind speeds cases where studies show  𝐶𝐷𝜌  is constant, where 𝑉𝑚𝑎𝑥 is the 
maximum sustained wind speed at the conventional measurement altitude of 10 m 
(Emanuel, 1999, 2005).  
2.2.7 Northeast Snowfall Impact or NESIS       
A Northeast Snowfall Impact Scale (NESIS) was developed to measure the 
impact of snowstorms over the Northeastern urban corridor of the US as a function of 
the total snowfall distribution, population density, and snowfall amounts (Kocin and 
Uccellini, 2004). NESIS values are computed and provide an objective measure of the 
impact of a snowstorm on the population. The scale is derived and calibrated by the 
snowfall distributions of 30 high-impact snowstorms (training stage) from a synoptic 
climatology provided by Kocin and Uccellini (2004) and applied to a total of 70 cases 
(testing stage).  
The NESIS integrates the snowfall impact, instead of relying on instantaneous 
descriptions of a variety of parameters belonging to the surface low (e.g. low-pressure 
system and pressure gradient). The scale also accounts for a greater impact of heavier 
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snow amounts. A categorical ranking from 1 to 5 was constructed by using the 
computed values. NESIS measures the impact of snowfall upon dense population 
centers with extensive human and economic disruption. 
The NESIS makes use of Geographic Information System (GIS) technology 
(Figure 2.4), which facilitates the digital mapping of snowfall distribution and population 
density and takes the following form: 
                                    𝑁𝐸𝑆𝐼𝑆 = ∑ [𝑛 (
𝐴𝑛
𝐴𝑚𝑒𝑎𝑛
+
𝑃𝑛
𝑃𝑚𝑒𝑎𝑛
)]𝑥𝑛                                       (6) 
where n represents the selected value of snowfall divided by 10 (e.g. n=1 for 10 ≤
snowfall < 20 inches), An is the estimated area of snowfall exceeding n (× 10) inches 
(𝑚𝑖𝑙2), 𝑃𝑛 is the population and subscript “mean” is the mean area and population 
derived from 30 major snowstorms (Kocin and Uccellini, 2004). Final values of NESIS 
are then computed for the total snowfall distribution east of the Rocky Mountains 
(Figure 2.4, Table 2.7). 
 
Table 2.7: Estimated area ( × 103𝑚𝑖2) and population (in millions, from the 1999 
census) affected by snowfall accumulations of 4, 10, 20, and 30 in (Kocin and Uccellini, 
2004). 
Historical
area pop area pop area pop area pop
NESIS
11-14 Mar 1888 144.9 52.7 87.9 37.9 48.2 26.1 24.8 12.8 8.34
11-14 Feb 1899 362.1 81.7 181.8 61.7 33.0 20.0 8.11
27-29 Jan 1922 107.1 46.3 62.3 26.0 22.4 1.0 10.5 1.4 3.63
26-27 Dec 1947 114.0 46.9 35.4 31.1 5.3 16.5 0.5 1.7 3.50
2001-03
4-6 Mar 2001 161.1 40.2 105.1 21.6 30.4 5.6 1.8 0.1 3.53
4-5 Dec 2002 269.7 64.7 6.1 0.4 1.99
24-25 Dec 2002 345.3 72.8 91.3 18.5 13.8 1.5 4.4 0.2 4.42
3-4 Jan 2003 211.1 35.6 77.4 10.9 11.0 1.5 2.65
6-7 Feb 2003 88.4 50.2 6.1 5.5 1.18
15-18 Feb 2003 303.5 78.2 142.0 59.2 51.9 40.9 2.7 0.2 8.91
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Figure 2.4: Storm snowfall in excess of 10 cm (solid line); > 25 cm (light blue); > 50 
cm (dark blue); and > 75 cm (red) for sample snowstorms used to generate the NESIS 
scale, (Kocin and Uccellini, 2004). 
 
 
 
 
 A categorical ranking of 1–5, from notable to extreme impact, is proposed 
(similar to the SSHS) that uses the divisions inherent in the NESIS values (all 70 cases 
scored between 1 and 12) to classify the snowfalls into similar categories based on 
 27 
 
population, the occurrence of very heavy snowfall, and area. NESIS categories, their 
corresponding values, and the total number of cases are shown in Table 2.8. The 
methodology that has been used in NESIS may be useful to take into account the 
effects of precipitation from tropical cyclones in similar hazard analysis. 
 
Category 
NESIS 
values 
No. of 
cases 
Description 
1 1-2.499 23 “Notable” 
2 2.5-3.99 22 “Significant” 
3 4-5.99 16 “Major” 
4 6-9.99 7 “Crippling” 
5 10.0+ 2 “Extreme” 
 
Table 2.8: NESIS categories, their corresponding NESIS values, the number of cases 
occurring within each category, and a descriptive adjective, (Kocin and Uccellini, 
2004). 
 
 
 
2.2.8 The accuracy of existing scales 
The different tropical cyclone scales for some well-known hurricanes (Camille 
(1969), Hugo (1989), Andrew (1992), Opal (1995), Isabel (2003), Ivan (2004), Charley 
(2004), Jeanne (2004), Frances (2004), Dennis (2005), Wilma (2005) and Rita (2005)) 
are shown in Figure 2.5. All damage rates are converted to USD (for 2013) using the 
inflation calculator website (Source: http://www.westegg.com/inflation/infl.cgi ). As is 
evident (Figure 2.5), there is not an obvious trend between the severity and damage 
or the severity and death toll for any of the existing scales. 
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Figure 2.5: The correlation of four existing indexes versus damage (2013 billion USD; 
solid dot) and death toll (solid triangle). 
 
 
 
To continue this analysis, the cost of life for an American in 2013, which is 
estimated by the US Environment Protection Agency (EPA), has been used to sum 
the damage and death toll to obtain a total economic indicator (Figure 2.6). Any 
improvement of the correlation between existing hurricane indexes and damage and 
death toll are minimal, except for HHI. The hypothesis for this lack of correlation is that 
the effects of torrential rainfall have been neglected in all these indexes. Another 
deficiency could be a lack of consideration of the land characteristics (e.g. land cover, 
soil type and population density). The losses of life, people injured, property damaged 
and economic activity disrupted, due to a particular tropical cyclone, arise from both 
the cyclone severity (meteorological aspects) and the impacted land characteristics. 
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Most current indexes neglect one or more meteorological aspects and all (except 
NESIS) neglect the land characteristics. 
 
Figure 2.6: The correlation of four existing indexes versus the summation of damage 
and cost of life. 
 
 
2.3 Tropical Cyclone Risk Index 
2.3.1 Introduction 
Interest in sustainable development of the natural, socio-economic, and cultural 
resources of coastal regions is growing all around the world. On the other hand, the 
range of hazards to coastal areas increasingly posed by the severe meteorological 
natural phenomena such as Tsunami and tropical cyclone has led to a trend in the 
assessment and analysis of the vulnerability of these zones. The available literature 
dealing with coastal risk assessment is quite wide, focusing mainly on the risk of loss 
resulting directly from the occurrence of extreme natural events (Escudero Castillo et 
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al., 2012, Narayan et al., 2011, Jha et al., 2011, Werritty et al., 2007, Wallingford, 
2004, Papathoma and Dominey-Howes, 2003).  
There is a great deal of information available from meteorologists, engineers, 
emergency managers, sociologists, and others about how tropical cyclones form, and 
how they impact on the environment, buildings and infrastructures, and the socio-
economic activities. However, this data have not been unified and summarized in an 
easily understandable way to help government agencies, decision makers, and others 
who are not necessarily hurricane experts (Davidson and Lambert, 2001). 
The following section reviews the risk assessment methodologies which 
already exist, in order to provide a starting point for future efforts focusing on the direct 
use of Engineering Risk Factors (e.g., soil type, population and property density, land 
use type, elevation). 
 
2.3.2 Risk and Adaptation 
The term “Risk” has been used with several meanings in the literature from very 
diverse points of view. Some examples are: 
Risk involves an ‘‘exposure to a chance injury or loss’’(Morgan and Henrion, 2003). 
“Expected losses (of lives, persons injured, property damaged, and economic activity 
disrupted), due to a particular hazard, for a given area and reference period. Based 
on mathematical calculations, the risk is the product of hazard and vulnerability” (UN 
Department of Humanitarian Affairs). “Risk is a compound measure combining the 
probability and magnitude of an adverse effect” (Adams, 2003). “Risk might be defined 
simply as the likelihood of the occurrence of an undesired event [but] be better 
described as the probability of a hazard contributing to a potential disaster. 
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Importantly, it involves consideration of vulnerability to the hazard” (Kelman, 2003). 
“Risk is the combination of the probability of occurrence of harm and the severity of 
that injury” (Samuels, 2009). “Risk is the probability of loss and depends on three 
elements, hazard, vulnerability, and exposure” (Crichton, 2008). “Risk is defined as a 
function of the probability of the hazard, of exposure to the hazard, and the vulnerability 
of receptors to the hazard” (Thywissen, 2006). “Risk is the probability of hazard 
occurrence, where hazard = potential threat to humans and their welfare” (Brooks, 
2003). 
As described above, except for some first meanings of “Risk”, the hazards of 
catastrophic events have been replaced by the probability of occurrence of undesired 
phenomena. In these cases, the estimated risks are evaluated according to the 
analysis of historical events for the particular area, but in a number of situations, the 
historical record of the event is not sufficiently reliable to calculate the risk.  In the 
following sections, this subject will be expanded. 
The risk analysis methodologies are usually particular to the conditions and 
accessible data of each society or location though most have evolved to analyse the 
risk concept more accurately and attentively. Nevertheless, there are still very few 
studies that present feasible and practical methodologies, which lead to the effective 
unification of risk assessment at all levels (Escudero Castillo et al., 2012). In general, 
the methods found define risk in qualitative and/ or quantitative terms, of which the 
quantitative approaches usually lead to a more precise risk determination (FLOODsite, 
2005). 
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2.3.3 Existing Natural Hazard Risk Indexes 
2.3.3.1 Tropical Cyclone Mortality-Risk Index (TC-MRI) 
Peduzzi et al. (2012a) contend that the number of exposed people and the 
vulnerability along with intensity and frequency of storms determine the level of impact 
of tropical cyclones on humans. They present a new methodology based on physically 
observed events and related contextual parameters to take into account the 
cumulative effects of climate change (Peduzzi et al., 2012a). They analyze mortality-
risk trend from 1970-2010 to predict the Tropical-Cyclone Mortality-Risk Index (TC-
MRI) by 2030, Figure (2.7). 
The method provides a trend analysis of mortality risk, based on the observed 
tropical cyclone database, further modelling using geographical information systems 
(GIS), and statistical regression (Peduzzi et al., 2012b). 
 
 
Figure 2.7: Influence of hazard on exposure for an increase in intensity (red) and 
change (decrease) in frequency (green) and median scenario (dashed line in blue), 
(Peduzzi et al., 2012b). 
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Although this method gives a prediction of mortality risk trend with consideration 
of some climate change effects, e.g. intensity and frequency, as well as increasing 
growth in population, it ignores the impact of climate change on tropical cyclones 
tracks (Bender et al., 2010, Eisner et al., 2008, Walsh and Katzfey, 2000). 
Furthermore, Peduzzi et al. do not develop a global cyclone economic-risk index. 
Another deficiency is the geographical resolution; the use of national values, especially 
for large countries such as India and China, does not reflect the significant variations 
within the countries. However the most critical weakness is the same as in the Tropical 
Cyclone indexes; the effects of storm surge and heavy rainfall are excluded, and only 
the wind field is accounted for, but the most significant factors leading to loss of life 
and economic losses come from flood driven by storm surge and rainfall (Rappaport, 
2014, Rappaport, 2000).   
 
2.3.3.2 The Disaster Risk Index (DRI) 
The DRI aims to improve understanding of the relationship between 
development and disaster risk at the global level. The primary assumption behind the 
index is that differences in risk levels of countries with similar exposures to natural 
hazards are described by socio-economic factors, i.e. by the population vulnerability. 
The DRI allows the measurement and the comparison of relative levels of risk, 
exposure to risk and vulnerability by country basis (Dao and Peduzzi, 2004). 
This method concentrates on the evaluation of risk for four hazards (floods, 
droughts, earthquakes, and cyclones). Starting from data on population at risk, as 
estimated using Geographical Information Systems (GIS), a statistical assessment 
was carried out to identify the socio-economical indicators reflecting human 
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vulnerability to hazards. To calibrate the risk model, past casualties recorded by the 
Database EM-DAT from the Centre for Research on Epidemiology of Disasters were 
used. 
A set of 32 socio-economical and environmental variables was selected for 
further statistical analysis. To exemplify, for tropical cyclones, exposed populations to 
each cyclone were estimated by computing buffers (here, the buffer zone represents 
the area around the tropical cyclone track affected by a certain wind speed)  along the 
cyclone track, where wind speed is greater than a certain threshold (42.5 m/s [83 kts]). 
Countries are categorized in 8 different groups due to their levels of risk from 0 to 7 
for countries with the highest risk. Six of the top 10 countries are in Africa while the 
other countries are located in Asia. Islands states rank high in the DRI (Figure 2.8). 
 
Figure 2.8: Spatial distribution of DRI classes (Peduzzi et al., 2009). 
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2.3.3.3 The Hurricane Disaster Risk Index (HDRI) 
Davidson and Lambert (2001) describe the Hurricane Disaster Risk Index 
(HDRI) of U.S. coastal Counties. It was developed to be as an easily understandable 
tool that can be applied to compare the risk of life and economic loss in different 
coastal counties in the United States, as well as to compare the different relative 
contributions of various factors, e.g., the frequency of hurricanes and the quality of the 
emergency evacuation plan. The HDRI is developed to support local, state, and 
national government agencies as they make resource allocation decisions, make high-
level planning decisions, and raise public awareness of hurricane risk (Davidson and 
Lambert, 2001). 
Two different types of the Hurricane Disaster Risk Index (HDRI) were designed: 
the Economic HDRI, and the Life HDRI. Each one is a composite index that combines 
scalar indicators (e.g., population and mean hurricane recurrence interval) with 
weights to represent a type of expected impact from future hurricanes. The HDRI was 
developed in three steps. First, a systematic investigation was conducted to identify 
the factors: Meteorological, Engineering, Economic, and Social that contribute to life 
and economic loss during hurricanes in the United States. These factors were 
organized into a conceptual framework for the HDRI (Figure 2.9). 
 Second, measurable, scalar indicators were chosen to represent each factor 
identified in the first step. Indicators were selected based on their ability to represent 
the elements on the accessibility of data and in the conceptual framework in the United 
States (Figure 2.9). Third, a mathematical index was developed to combine the 
indicators into two composite index values, one to represent a life disaster risk and 
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one to represent an economic disaster risk (Lambert, 2000). The HDRI four main 
factors (left-most column), the subfactors (middle), and the measurable indicators 
(right most column) are illustrated in figure 2.10. 
 
Figure 2.9: Conceptual Framework of Hurricane Disaster Risk, (Davidson and Lambert, 
2001). 
 
 
The HDRI is a useful hurricane risk index for the U.S with a good geographical 
resolution (county by county). But for developing countries faced with the effects of 
changing of tropical cyclone trajectory, there may be a need to account for such 
changes. For example, to replace historical parameters such as return period of a 
tropical cyclone and the area below a given year Still Water Elevation (the flood level 
including storm surge and astronomic tide but excluding the effects of waves or 
tsunamis (Wallace et al., 2005)) (Figure 2.10), with direct engineering factors such as 
bathymetry, catchment characteristics, and topography. 
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Figure 2.10: Indicators in the HDRI, (Davidson and Lambert, 2001). 
 
2.3.4 HAZUZ-MH Hurricane Model 
The HAZUZ-MH Hurricane Model uses five model components comprising a 
(hazard model, a terrain model (to classify terrain by roughness value), a wind load 
model, a physical damage model, and a loss model)  (Vickery et al., 2006a, Vickery et 
al., 2006b). The HAZUZ-MH model estimates the possibility of damage and loss to 
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buildings due to wind storms. Although the model considers rainfall rates to estimate 
the amount of water entering buildings through broken doors and windows, it does not 
use these to obtain estimates of inland flooding associated with rainfall (Vickery et al., 
2006a). 
 
2.4 Summary and conclusion 
Although there is a lot of evidence that shows that considerable damage and a 
high number of tropical cyclone fatalities arise from floods caused by either torrential 
rainfall, storm surge or a combination of both, there is no scale to predict the likely 
magnitude of such damage and fatalities.  
A new methodology can improve the existing scales and indexes by adding the 
effects of rainfall hazards for the first time, plus modifying the current wind and storm 
surge indexes and scales. Moreover, a new methodology can improve the indexes by 
assessing the important land characteristics as the second significant component 
when tropical cyclones make landfall. The next chapter outlines the new model, and 
provides the variables chosen, the databases selected to determine these variables 
and the model formulation. 
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3 Chapter 3: Formulation of new hazard indexes 
3.1 Introduction 
In this chapter, each individual sub-index of the three hazards typical of tropical 
cyclones (the wind, storm surge, and rainfall) are represented as follows: 
 1) Tropical Cyclone Wind Index (TCWI);  
2) Tropical Cyclone Surge Index (TCSI);  
3) Tropical Cyclone Rainfall Index (TCRI).  
Then, the final Tropical Cyclone Hazard Index (TCHI) which is created by 
combining these three sub-indexes, provides a methodology to classify tropical 
cyclones according to their damage rate and death toll (Rezapour and Baldock, 2014).  
 
Although the ultimate aim is to develop a methodology that can be applied 
worldwide to assess hazards from tropical cyclones (or Hurricanes), initially it is 
necessary to choose a geographical region with sufficient data availability to verify the 
approach. For this purpose, the Atlantic Hurricane Basin has been selected as the 
geographical test area, and this is further refined to include only systems that made 
landfall in the continental USA. There are 19 Hurricanes which fall into this category 
within 2003-2012.  
The study period is limited to the last decade to ensure changes in population 
density and infrastructure are limited as far as possible, such that the data are 
reasonably stationary. Indeed, the regression model assumes that the underlying 
physical processes adopted in the regression model do not change over time. If this 
assumption is not met, the model may fail for future tropical cyclones. The basis for 
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the chosen databases is outlined below. However, for specific applications, alternative 
databases could be investigated to determine if model accuracy can be improved; the 
approach would remain the same.   
 
3.1.1 Rainfall Database 
There is a wide range of rainfall databases available from global weather 
forecasting models (e.g. ECMWF and NCEP), together with some specific tropical 
cyclone rainfall measuring missions, e.g. TRMM (Tropical Rainfall Measuring Mission) 
(Simpson et al., 1996). However, since a real or near real time, high spatio-temporal 
resolution rainfall database with global availability is required, many databases are 
automatically excluded. Table 3.1 summarizes a range of rainfall databases and 
outlines their scope and limitations.  
After a review of available databases, the ‘Precipitation Estimation from Remote 
Sensing Information Using Artificial Neural Network’ (PERSIANN) database, from the 
Centre for Hydrometeorology and Remote Sensing (CHRS), University of California, 
Irvine, was selected (Sorooshian et al., 2000). PERSIAN has the best spatial 
resolution, and amongst the best temporal resolution, which is available almost 
throughout of the world (near complete global coverage). 
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Databases 
and Models Type Coverage 
Spatial 
Resolution 
Temporal 
Resolution Availability Note 
ECMWF Weather Forecast Model Global 0.125 − 1.125 ° 3 hourly OK low Resolution 
NCEP Weather Forecast Model Global 1 − 2.5  ° 3 hourly OK lowResolution 
HPC (QPF & 
PQPF) 
Quantitative Precipitation 
Forecast USA 32   Km 6 hourly 
The last 
event 
Coverage and 
availability problem 
Kraft rules Simplistic Formulas Global ----------------------- --------------- ----------------- low Resolution 
R-Cliper & 
Trap 
Tropical Cyclone Rainfall 
Climatological Model Weak ----------------------- --------------- Weak 
low Resolution 
  
PERSIANN TC Real-Time Rainfall 
using Satellite observation 
Quasi-
Global 0.04 degree 30 min 
near real 
time 
Acceptable 
  
CMORPH 
  
TC Real-Time Rainfall 
using Satellite observation 
Quasi-
Global 0.07 degree 30 min Last 31 days Availability problem 
NRL-
Blended 
TC Real-Time Rainfall 
using Satellite observation Global 1 Degree 30 min Last 31 days Availability problem 
TRMM 
(TMPA) 
Satellite Precipitation 
Radar 
Quasi-
Global  0.25 Degree 3 hourly 
near real 
time 
Most of the events are 
not fully in its range 
GPM Satellite Observation Global < 3 Km 3 hourly Future 
Mission1 Acceptable 
 
Table 3.1: Rainfall databases and their scope and limitations based on coverage, 
resolution, and availability. 
 
3.1.2 Wind field  
The H*Wind wind database from the Hurricane Research Division (HRD), 
Atlantic Oceanographic and Meteorological Laboratory (AOML), National Oceanic and 
Atmospheric Administration (NOAA), was adopted for the present study due to its 
accuracy (Laupattarakasem, 2009), high resolution and coverage of the geographical 
area of the study. The H*WIND swath maps are particularly useful for calculating the 
area of each wind speed threshold e.g. 34 kts, 50 kts, 64 kts and 87 kts. Figure 3.1 
shows H*Wind data for Hurricane Katrina (2005) at landfall as an example.  
                                                          
1 GPM is in the orbit now  
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Figure 3.1: Hurricane Katrina (2005) wind field (kt) at landfall, generated by H*Wind. 
The vertical and horizontal axes are degrees latitude and longitude, respectively 
(Source: NOAA/HRD/AOML). 
 
 
3.1.2.1 Hurricane Forward Speed 
Both the individual wind and rainfall indexes discussed below are sensitive to 
the forward speed of the hurricane. As a result, the accuracy of the calculated velocity 
is important for the model which is explained further later in this chapter. The HURDAT 
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hurricane track and time database were chosen to calculate the forward speed, C, of 
the system.  
3.1.3 Tropical Cyclone Wind Index (TCWI) 
Surface wind speed V (Pielke and Pielke, 1997; Kantha, 2006; Kantha, 2008; 
Saffir, 1977; Hebert et al., 2010), wind field size A (Hebert et al., 2010; Kantha, 2006), 
and storm forward speed C, (Kantha, 2006) are chosen as the most important factors 
for the wind index. For two otherwise similar tropical cyclones, it is clear that the 
system which has a lower forward speed is more hazardous since it will have more 
time to inflict damage to properties, trees, infrastructure, etc. Therefore, there is an 
inverse ratio between TCWI and C. Taking these factors together; Eq. (7) presents the 
function used to estimate the hazard from tropical cyclones due to their wind field 
characteristics. 
                                     
2
0
0 0
wind
wind
A CV
TCWI
V A C
       
         
        
                                    (7)  
where V= 34, 50, 64 and 87 kts are considered as wind speed thresholds. A is the 
area of each wind speed threshold; for example for V=34 kts, it is the area with wind 
speed greater than 34kts and less than 50 kts, and C is the tropical cyclone forward 
speed. Items with subscript “0” correspond to reference values, e.g., 𝑉0 = 40 𝑘𝑡𝑠 
(Pielke and Pielke, 1997) representing a destructive wind speed (the wind speed which 
starts to cause damage to property). 𝐴𝑤𝑖𝑛𝑑0 varies with V, as shown in Table 3.2 
(Hebert et al., 2010). 𝐶0 = 11 𝑘𝑡𝑠 (Kantha, 2006). 
𝑽𝒎𝒂𝒙 (kts) 34 50 64 87 
𝑨𝒘𝒊𝒏𝒅°  (𝒏𝒎
𝟐) 31052 19113 7854 3019 
 
Table 3.2: Wind speed thresholds of 𝑨𝒘𝒊𝒏𝒅𝟎 in nautical miles squared (Hebert et al. 
2010). 
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3.1.3.1 A wind speed threshold instead of radius of maximum wind 
 The radius of maximum wind changes from one quadrant to another due to the 
asymmetry of the hurricane wind field and is calculated as explained in section 2.2.3, 
while the area of each wind speed threshold provides a boarder measure of the storm 
size. As mentioned, the second aim of the study is adding the land characteristics of 
the area affected by the hurricane, while using a radius of maximum wind assumes a 
symmetric system. As illustrated in Figure 2.5 and 4.1 (below), although the new wind 
index (TCWI) has a slightly lower correlation with damage compared with HHI (which 
used the radius of maximum wind), it has a much better correlation than HHI with the 
death toll, e.g. r2=0.51 and 0.032, respectively. 
  
3.1.4 Tropical Cyclone Surge Index (TCSI) 
Surface wind speed, V, (Kantha, 2006) is also selected as the dominant 
determinant of storm surge and 𝐴34
2 is adopted to take into account the effect of wind 
field size, instead of radius to maximum wind  (Kantha, 2006) or 𝑅34 (Irish and Resio, 
2010). As illustrated in Figure 3.2, tropical cyclone wind fields are often asymmetric 
and complicated (SWAMP Group, 2013), particularly at landfall due to surface 
roughness (Henderson and Harper, 2003). Therefore, the area is selected as a more 
accurate indicator than radius for assessing the size of the storm system. The 
importance of the tropical cyclone approach angle, θ, is not yet fully clear. Since the 
aim of this study is to show the severity of mesoscale weather systems, the most 
critical condition (𝜃 = 90°) has been chosen (Irish and Resio, 2010). Taking these 
                                                          
2   34 34A R : The area (radius) with at least 34 kts surface wind speed. 
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factors together, the TCSI is considered as a function of the following parameters to 
estimate the hazard from storm surge, Eq. (8). 
                                             
2
max 34
0 340
V A
TCSI
V A
  
   
   
                                                  (8) 
where 𝑉𝑚𝑎𝑥 is the maximum surface wind speed, 𝐴34 is the area surface with speed 
greater than 34 kts and “0” subscript refers to reference values, i.e. 𝑉0 = 40𝑘𝑡𝑠 and 
𝐴340 is determined from data derived from the storm wind database (H*WIND), and is 
the average value  of 𝐴34 for the selected US hurricanes (2003-2012).  
 
Figure 3.2: Hurricane Sandy wind field (kts) at landfall, generated by H*Wind. The 
vertical and horizontal axes are degrees latitude and longitude, respectively. (Source: 
NOAA/HRD/AOML.) 
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3.1.5 Tropical Cyclone Rainfall Index (TCRI) 
Floods caused by heavy rainfall are not considered in existing tropical cyclone 
scales, despite the major hazard that results (Figure 1.5). The most important 
meteorological parameters for rainfall in terms of the hydro-meteorological severity of 
the system are rainfall Intensity (I), distribution, which is considered as an area with a 
certain range of rainfall intensity (A), and rainfall duration. Clearly, a storm system with 
higher rainfall intensity has a potentially greater probability of generating larger floods 
(other factors being equal). Furthermore, another important factor is the area of the 
catchment which is affected by a given rainfall intensity. The area encompassed by 
the intensity threshold has therefore been taken into account, rather than catchment 
size itself. This is because rainfall may not be distributed over the whole catchment. 
The tropical cyclone forward speed, C, in addition to the rainfall area, determines 
the duration of the rainfall. Slow moving cyclones are likely to result in longer rainfall 
duration (Chih-Pei et al., 2013), and consequently, greater probability of flood. As a 
result, the rainfall severity has an inverse ratio with the cyclone forward speed. Taking 
the above issues together, the TCRI is formulated as Eq. (9). 
                               
0
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rain
rain
A CI
TCRI
I A C
      
        
      
                                             (9) 
Where “0” subscripts again correspond to reference values to normalize the 
parameters. Here, 𝐼0 is the average rainfall intensity calculated using all the selected 
hurricane cases, 𝐶0 is the average forward speed calculated from HURDAT (using 
3000 cases), and 𝐴𝑟𝑎𝑖𝑛0 is the average area with rainfall more than 2
mm
hr
 . 
Based on results (figures 4.2 and B.1), the hurricane rainfall characteristics at 
landfall time (when the storm eye crosses the coast) have the best correlation with 
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hurricane damage and death toll (see Appendix B). TCRI has been calculated for each 
hurricane using equation 9 at landfall.  
 
3.1.6 Tropical Cyclone Hazard Index (TCHI) 
Different model formulations, including linear and non-linear relationships 
between TCWI, TCRI, TCSI and the combined Tropical Cyclone Hazard Index (TCHI) 
have been considered, as proposed in Eq. (10). Each individual hazard sub-index (i.e. 
TCWI, TCRI, and TCSI) is calculated using equations 11a-c.            
                                 ( ) ( ) ( )
e f gTCHI A TCWI B TCRI C TCSI                                    (10)                           
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The TCHI has been modeled twice, for both cyclone damage and death toll. 
Due to the complexity of the above three indexes and their relationship with the 
damage and death toll, different linear and nonlinear regression models were tested 
using standard statistical software (the Statistical Package for the Social Sciences, 
SPSS) to determine the correlation coefficients in Eq. (10) and (11). There are three 
weighted correlation coefficients A, B, C and power correlation coefficients, a, b,…, g, 
which determine the linearity and nonlinearity of the model regression equations 
(equations 10 and 11). Using all the data, some different model scenarios were tested 
to determine the best physically meaningful coefficients. Table 3.3 shows four such 
model scenarios, which include the final two selected for the model. With all 
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coefficients a, b,…, g  equal to “1” (first scenario in Table 3.3), the model regression 
is linear, otherwise, it is nonlinear (remaining scenarios in Table 3.3). Furthermore, the 
meteorological parameters adopted in each individual index, e.g., 
0C
C
 
 
 
, 
0
V
V
 
 
 
, etc. 
have a physical basis, as described above. Consequently, negative values for the 
correlation coefficients are not sensible. Therefore, model results yielding negative 
coefficients are not valid, for example, the coefficient C for the damage index in model 
scenario 1 in Table 3.3.  Discarding non-physical results to take into account these 
physical constraints and taking the models with the highest correlation coefficients, the 
coefficients for scenario 3 and scenario 4 (Table 3.3) were selected for the damage 
and death toll regression equations, respectively.  
Model 
Scenarios 
Dependent 
Variation A B C a b c d e f g R
2 
1 
Damage 7.4 23 -1.54 1 1 1 1 1 1 1 ----- 
Death Toll 0.01 5.52 0.72 1 1 1 1 1 1 1 0.72 
2 
Damage 0.62 4.95 0.45 1.94 1 1 0.15 1 1 1 0.74 
Death Toll 6.43 23 -0.98 1.37 1 1 1 1 1 1 ----- 
3 
Damage 0.50 1.79 0.67 2.65 0.48 4.64 1.70 1 1 1 0.81 
Death Toll 4.0 14.35 1.43 1.38 2.60 -0.57 1.36 1 1 1 ----- 
4 
Damage 0.68 1.92 0.61 2.36 2.2 1 0.05 1 1 1 0.74 
Death Toll 4.35 11.45 0.56 1.33 2.07 1 2.48 1 1 1 0.88 
 Average  
Cross- Validation 
 Coefficients 
Damage 0.58 1.94 0.59 2.9 0.41 5.04 1.71 1 1 1 0.82 
Death Toll 4.36 12.9 0.48 1.5 2.14 1 2.53 1 1 1 0.87 
Variance of cross-
Validation 
coefficients  
Damage 0.1 0.34 0.05 2.3 0.04 2.71 0.64 0 0 0  
Death toll 0.92 7.4 0.12 1.85 0.12 0.00 0.49 0 0 0  
 
Table 3.3: Example model coefficient. Boldface coefficients were adopted in the final 
model.  
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Given the limited number of samples, a cross-validation procedure was adopted 
to examine the robustness of the model. Consequently, the Leave-One-Out Cross-
Validation (LOOCV) method was applied repeatedly to the dataset to examine the 
variance in model parameters, the goodness of fit and errors in model predictions 
(Arlot and Celisse, 2010, Hawkins et al., 2003). The last four rows in Table 3.3 show 
the average of the model coefficients and the variance of the coefficients obtained 
from the LOOCV procedure. These show an acceptable consistency with the optimum 
damage and death toll coefficient obtained from the total dataset (the bold scenarios 
in Table 3.3), and nearly identical R2 values (Appendix A). 
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4 Chapter4: Application of TCHI to US Hurricanes 
(2003-2012) 
For all 19 hurricanes, the individual hazard indexes are plotted versus damage 
and death toll using Eq. (11) with a=b=c=d=1, (Figure 4.1). There is no significant 
correlation, with 
2R = 0.04 and 0.09 for TCRI versus damage and death toll, 
respectively. In Figure 4.1, red dots corresponding to Katrina (2005) and Sandy (2012) 
are responsible in large part for the poor regression. 
 The damage and fatalities caused by these two events are significantly 
different from the rest of the population (events) and dependent on the land 
characteristics (e.g. land use and exposure). These two hurricanes made landfall in 
very densely populated areas, including major cities, leading to the greater population 
at risk and, therefore, higher loss of life and more significant damage. Consequently, 
Katrina and Sandy were removed from the database and modelling proceeded with 
the remaining 17 hurricanes, yielding the model coefficients (scenario 3 and 4 for 
damage and death toll, respectively) in Table 3.3. Model performance for Katrina and 
Sandy is discussed further later.  
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Figure 4.1: Correlation and regression coefficients for all three hazard indexes against 
(left) damage (billion USD) and (right) death toll considering all 19 hurricanes. 
Equation (11) is calculated with a = b = c = d = 1. 
 
Figure 4.2 shows the resulting regression between the four hazard indexes and 
damage and death toll. Of the individual sub-indexes, TCRI yields the best correlation 
for both damage and death toll, with regression values of 0.43 and 0.74, respectively. 
This is consistent with Rappaport (2000) and Czajkowski et al. (2011) who showed 
that fatalities caused by freshwater flooding are dominant in comparison with the wind 
or coastal flooding. The combined TCHI has regression coefficients of 0.81 and 0.88 
for damage and death toll, respectively. This compares very favorably with the 
regression coefficients for SSHS and HII, HHI, and HSI shown in Figure 2.5. This 
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suggests the new indexes more accurately represent the physical processes causing 
damage and fatalities.  
 
 
Figure 4.2: Correlation and regression coefficients for all three hazards indexes 
against (left) damage (billion USD) and (right) death toll, excluding Hurricane Katrina 
and Sandy. 
 
 
To assess this further, the severity of each hurricane is ranked according to the 
actual damage and death toll. This is plotted in Figure 4.3, together with the rank 
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predicted by the SSHS and the TCHI. As illustrated in Figure 4.3, the TCHI ranks the 
severity of each hurricane significantly more accurately than the SSHS. The TCHI also 
ranked the three costliest hurricanes exactly as the actual rank positions, and identified 
the three deadliest hurricanes, but with swapped rank position for hurricanes Rita and 
Ike (Figure 4.3). Furthermore, for hurricane Ivan (2004), and hurricane Dennis (2005) 
which are shown in figure 2.2, unlike SSHS, the TCHI ranked them properly due to 
their damage and death toll. This demonstrates that the new index can classify 
hurricanes more consistently than the existing scales, which are based only on the 
wind and/or storm surge. The results show that, in both the damage and death toll 
models, the rainfall sub-index (TCRI) is dominant in comparison with the wind and 
storm surge indexes (i.e., parameter B in Table 3.3, compared with parameters A and 
C). Again, this is consistent with the data from Rappaport (2014, 2000) discussed 
earlier in Chapter 1. 
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Figure 4.3: Hurricanes ranked according to their (left) actual damage (billion USD) 
and (right) death toll, and the respective SSHS and TCHI rankings. Black bars indicate 
Hurricanes Frances, Jeanne, and Ike. 
  
The new model (TCHI) can also provide estimates of the damage and the 
number of fatalities likely to be caused by a given hurricane, which is not possible 
using the SSHS. The model can estimate the damage and death toll with root mean 
square errors of 4.2 billion USD and 13 persons, respectively. The RMSE between the 
hurricane damage for each event and the mean damage value was also calculated, 
and this is 9.88 billion USD.  
This demonstrates that the new index (RMSE 4.2 billion USD) has less than 
half the error in estimating the damage value compared to taking the mean damage 
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value (9.88 billion USD).  The RMSE values from the models are also shown in Table 
4.1 and are again consistent with the values based on the total dataset (TCHI). Thus, 
if the tool can be incorporated within regression forecasting model, the model has the 
potential to enable improved hazard planning and emergency response. In hindcast 
mode with the present data, the model may also be useful for improving insurance and 
risk management tools since it provides improved correlation between tropical cyclone 
characteristics and impact by incorporating the three main hazards (strong wind, 
torrential rainfall, and storm surge) that cause the most damage and a large proportion 
of the fatalities.  
Further, Table 4.1 demonstrates that the new index can rank existing 
hurricanes by damage and death toll with an error of about 2 in rank position, 
compared with an error in the rank position of roughly 6 using the SSHS. Specifically, 
the model ranks hurricanes Frances and Jeanne (Bold black bars in Figure 4.3), much 
more accurately than the SSHS, which ranks the hazard from those systems in reverse 
compared to the actual impact. Likewise, the SSHS categorises hurricane Ike (Figure 
4.3) at rank position 7 for both damage and death toll, while in fact Ike was the most 
costly and the second most deadly hurricane in the selected dataset. Consequently, 
in summary, the TCHI provides far better estimates of severity (rank) than the SSHS 
and also provides good quantitative estimates of the actual damage and death toll. 
 
Type 2R  RMSE 
RMSE in Rank Position 
 (excluding Sandy And Katrina) 
RMSE in Rank Position  
(including Sandy And Katrina) 
TCHI 
Damage 0.81 4.2(USD Billion) 1.9 2.3  
Death Toll 0.88 13(Person) 2.2  2.7 
SSHS 
Damage 0.44 -------- 5.8 6.8  
Death Toll 0.12 -------- 5.7  6.3 
 
Table 4.1: TCHI model accuracy compared with the SSHS. 
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4.1 Discussion 
 In cases of tropical cyclone landfall, the damage and casualties arise from two 
aspects. Firstly, the meteorological characteristics of the storm such as surface wind 
speed, storm size, rainfall intensity, forward storm speed, storm surge, etc. Secondly, 
the characteristics of the land impacted, including hydrological factors, such as 
catchment size, catchment slope, land cover, as well as societal factors, such as 
population and property density, risk awareness, the extent of disaster management 
planning, etc. The new indexes proposed here focus on the meteorological aspects 
and consider for the first time all of the main hazards of Tropical Cyclones; the wind, 
storm surge, and rainfall.  
   Although the results show a good performance of the new index compared with 
existing scales, limitations remain. Since land characteristics such as population, land 
use and the soil type of impacted areas are not accounted for, the new sub-indexes 
cannot accurately estimate the amount of damage and death toll for events impacting 
major metropolitan areas, e.g. Sandy and Katrina (see Figure 4.1). Consequently, 
those two events were removed from the regression modelling used to determine the 
index parameters. Nevertheless, the new indexes still rank Sandy and Katrina more 
accurately than the SSHS, particularly for damage (Figure 4.4 and Table 4.1). 
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Figure 4.4: Hurricanes ranked (including Sandy and Katrina) according to their actual 
damage (billion USD) and death toll, and the respective SSHS and TCHI rankings. 
 
 
In terms of the individual sub-indexes, the ranking of Katrina and Sandy appear 
sensible, even though they were excluded from the original regression. For example, 
the majority of the damage and fatalities for Sandy arose from storm surge, with wind 
responsible for the rest of the damage. Rainfall was not a significant factor. The 
individual sub-indexes (Figure 4.5) give a ranking for Sandy consistent with reality. 
Moreover, Katrina is ranked highest by all three individual indexes. Further work in the 
next chapter will consider the influence of land and population characteristics to 
improve the index performance and broaden the applicability of the index.  
 58 
 
 
 
Figure 4.5: Hurricanes ranked (including Sandy and Katrina) using the individual 
hazard subindexes. 
 
4.2 Conclusions  
A new tropical cyclone (hurricane) hazard index has been presented to estimate 
the damage and death toll, and to rank the severity, of these damaging storm systems. 
The key difference compared with previous indexes or scales is the inclusion of 
rainfall. Existing approaches are based on the wind characteristics, e.g. the Saffir- 
Simpson Hurricane Scale, or based on storm surge (e.g. HSI, Kantha, 2006). The new 
 59 
 
analysis is based on existing open access databases, H*WIND, HURDAT, 
PERSIANN, to extract the wind field characteristics, forward speed and rainfall 
characteristics, respectively. 
The regression coefficients were 𝑅2=0.81 and 0.88, respectively (excluding 
Sandy and Katrina), indicating a significantly improved model compared to existing 
scales. The new Tropical Cyclone Hazard Index (TCHI) can also provide quantitative 
estimates of damage and death toll. The results show that, in both the damage and 
death toll models, the rainfall index (TCRI) is dominant in comparison with the wind 
and storm surge indexes, consistent with data showing that freshwater flooding is the 
leading cause of death in most Hurricanes (Rappaport, 2000). Further work is required 
to account for the significantly greater damage and death toll when systems impact 
densely populated areas or major cities. 
The methodology has the potential to be used in real-time parametric models 
to better classify approaching hurricanes according to their physical hazards and to 
estimate the potential damage and death toll, enabling improved hazard planning and 
emergency response.  
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5 Chapter5: Land Characteristics 
This chapter introduces a new methodology to account for the catchment 
characteristics and social factors for the area impacted by the track of a  tropical 
cyclone. This will result in a way of categorizing hurricanes, which can be combined 
with the previous meteorological indexes to better assess the potential impact of each 
tropical cyclone from a hazard mitigation and disaster response perspective. Given 
that the highest correlation between fatalities and damage occurs for the rainfall index 
TCRI, vulnerability to rainfall was selected as the focus for this part of the research. 
The methodology is applied to selected hurricanes in chapter 6. 
The impact of rainfall within the catchment has been divided into three main 
steps (Fig 5.1); the transformation of rainfall into a runoff; the resulting flood flows 
corresponding to the runoff and the losses arising from the flood flows. 
 
 
Figure 5.1: physical process steps to determine the influence of catchment 
characteristics within a vulnerability index. 
 
 
The vulnerability is a product of the hazards and exposure to the hazards 
(Alwang et al., 2001). Consequently, to develop a rainfall vulnerability index, it is 
necessary to firstly identify the effective factors, secondly to create indicators that 
represent the effects of the selected factors and finally to develop a  mathematical 
equation for those indicators as an index (Davidson and Lambert, 2001), illustrated in 
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Figure 5.2. The combination of both sets of process steps for the case of a rainfall 
vulnerability index is then a flowchart of the form shown in Figure 5.3. 
                                                                   
    
Figure 5.2: Process steps to develop a general index. 
 
 
 
Figure 5.3: Conceptual framework for calculating the Vulnerability Index. 
 
 
The USDA Natural Resources Conservation Service (NRCS) Curve Number 
(CN) was selected as the key indicator of the Hydrological and topographical 
characteristics of the selected rainfall affected area. The areas with more than 5 inches 
[127 mm] total rainfall resulting from a given hurricane were considered as the 
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impacted areas. Thus, the impacted population is  the population living in the impacted 
areas (see section 5.3.5 for rainfall affected area). The impacted population and 
subgroups such as age range, gender, poverty, have been considered previously for 
the purpose of estimating an exposure indicator, e.g. to compute the Hurricane 
Disaster Risk Index (HDRI; Davidson and Lambert 2001). Those data were obtained 
from county emergency management departments or local or state census. The land 
value of the impacted area has also been used previously for estimating an economic 
vulnerability indicator (Davidson and Lambert, 2001). In this study, the total population 
of each impacted area was chosen as the simplest indicator of exposure, representing 
the social characteristics of the area (Peduzzi et al., 2009). The methodology used for 
calculating the given indicators is as follows: 
1: Derive impacted areas, which are the areas with more than 5 inches [127 mm] total 
rainfall (section 5.3.5). 
2: Generate the land use map, soil type map, DEMs grid map and the population grid 
map for the impacted areas (section 5.3). 
3: Calculate the weighted NRCS-CN and total population (exposure) for each 
hurricane (see table 6.2 for hurricanes Jeanne and Frances).  
 
5.1 Justification of the NRCS-CN as the indicator 
The estimation of rain-runoff volume is one of the essential aspects of the 
hydrological modelling process for floods. There are two groups of methods for 
estimation of runoff from rainfall. Direct methods are based on measurements from 
gauges. Indirect methods are based on theory, e.g. the Rational method, Talbot 
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method (Balvanshi and Tiwari, 2014). NRCS-CN technique is an indirect method and 
a well-accepted tool for an estimation of runoff from storm rainfall. 
The NRCS method that indicates the capability of the catchment to control the 
received rainfall is widely used in many commonly standard hydrological models (Bo 
et al., 2011, Greene and Cruise, 1995, Mishra et al., 2006, Tsihrintzis and Hamid, 
1997, Fan et al., 2013), including the Hydrologic Modelling System (HEC-HMS), the 
Erosion Productivity Impact Calculator (EPIC), and the Agricultural Non-Point Source 
Pollution model (AGNPS). The NRCS-CN classifies catchments according to their 
hydrological soil groups and land cover types. 
 
5.1.1 The NRCS Curve Number Method 
  The US Soil Conservation Service released the NRCS method of estimating 
direct runoff from precipitation during the early 1950s, with the main use for ungauged 
river basins or catchments (no stream gauge records available). The runoff equation 
is: 
                                              𝑄 =  
(𝑃−𝐼𝑎)
2
(𝑃−𝐼𝑎)+𝑆
                                                        (12) 
 where Q is Runoff, P is rainfall,  𝐼𝑎 is Initial abstraction and, S is the potential maximum 
retention   after runoff begins. 𝐼𝑎 is all losses of water before runoff begins including 
water retained in surface depressions, water intercepted by vegetation, evaporation, 
and infiltration. Through studies of many small agricultural watershed, 𝐼𝑎 and S were 
found to be approximated by the following empirical equation (United State 
Department of Agriculture , 1986): 
                                            𝐼𝑎 = 0.2𝑆                                                                    (13)  
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                                           𝑆 =
25400
𝐶𝑁
− 254                                                     (14) 
where the Curve Number (CN) represents the average antecedent runoff condition. 
The empirical CN is valid for urban, cultivated agricultural, other agricultural, and arid 
and semi-arid rangeland catchments. The CN depends on hydrological soil type and 
land cover type (United State Department of Agriculture, 1986). Areas with a larger 
CN generate a greater amount of runoff (Figure 5.4). In this study, the CN is calculated 
using the ArcGIS HEC-GeoHMS extension in the ArcMap environment. 
 
Figure 5.4: NRCS runoff curve number, source: (Cronshey, 1986) 
 
5.2 Application within HEC-GeoHMS 
Recently, Geographical Information Systems (GIS) have provided many 
opportunities to enhance hydrological modelling of water basin systems. GIS shares 
a wide range of spatial information through the internet from government agencies to 
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private companies, along with strong spatial algorithms. Performing the spatial 
analysis for the development of distributed hydrologic parameters saves not only time 
and cost but also enhances accuracy over traditional methods (US Army Corps of 
Engineers, 2013). 
The US Army Corps of Engineering has developed HEC-GeoHMS as a 
geospatial hydrology toolkit for engineers and hydrologists or others with limited GIS 
experience. The program allows users to visualize spatial information, document 
watershed characteristics, perform spatial analysis, depicts sub-basins and streams, 
manufacture inputs to hydrologic models, and help with report preparation  (US Army 
Corps of Engineers, 2013).  
The CN Grid tool within HEC-GeoHMS has been used for generating curve 
number gridded maps, by means of a merged layer from both land use and soil type 
layers in a given area, together with a filled sink DEM layer (users should use the fill 
sinks tool to remove potential sinks generated from the reconditioning process) and a 
LookUp table. The LookUp table relates to land use and hydrological soil groups to a 
curve number, as indicated in Table 5.1. Figure 5.5 shows a schematic illustration of 
the process steps required to generate each CN grid map. An example of a CN grid 
map is shown later in Figure 6.5. 
Land use 
value Land Use 
Hydrological Soil Type 
A B C D 
1 Water 100 100 100 100 
2 Residential 57 72 81 86 
3 Forest 30 58 71 78 
4 Agricultural 67 77 83 87 
 
Table 5.1: Example curve number Look Up table. 
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Figure 5.5: Conceptual framework for generating NRCS-CN maps. 
 
 
5.3 Land Databases 
5.3.1 Land Use Map 
The 2011 National Land Cover Dataset (NLCD) provided by the Multi-
Resolution Land Characteristics (MRLC) consortium has been selected as the Land 
Use map. It is a 16-class (Table 5.2) land cover classification that has been used 
consistently over the United States at a horizontal spatial resolution of 30 meters 
(Homer et al., 2015). The NLCD is updated for the United States every five years, so 
it is expected to be a reliable measure of land cover. The NCLD 2011 is the latest 
version available and is designed for general users from biology and climate to 
hydrology and risk analysis. Figure 5.6 shows a sample NCLD 2011 image related to 
an area of 49,203 (km)2 impacted by hurricane Rita (2005). 
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Class Classification Description Reclassifying 
11 Open Water Water 
21 Developed, Open Space Residential 
22 Developed, Low Intensity Residential 
23 Developed, Medium Intensity Residential 
24 Developed, High Intensity Residential 
31 Barren land (Rock/Sand/Clay) Agricultural 
41 Deciduous Forest Forest 
42 Evergreen Forest Forest 
43 Mixed Forest Forest 
52 Shrub/Scrub Agricultural 
71 Grassland/Herbaceous Agricultural 
81 Pasture/Hay Agricultural 
82 Cultivated Crops Agricultural 
90 Woody Wetland Water 
95 Emergent Herbaceous Wetland Water 
No Data ---------- ---------- 
Table 5.2: 16 NCLD 2011 different land use classes (Homer et al., 2015). 
 
 
5.3.2 Soil Type Map 
Two US Soil Type Maps have been reviewed for use in this study. Firstly, the 
U.S General Soil Map (Simonson, 1971), developed by the National Cooperative Soil 
Survey, which superseded and included the State Soil Geographic (STATSGO) 
dataset published in 1994. STATSGO comprises an extensive inventory of soils and 
non-soil regions (NRCS/USDA).  
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Figure 5.6: Sample of extracted land use map for a small region impacted by 
Hurricane Rita (2005). Data from NLCD 2011. 
 
The datasets were assembled and related to Land Remote Sensing Satellite 
(LANDSAT) images and included geo-referenced, vector and tabular data. The data 
are available in ESRI Shapefile format referenced to the World Geodetic System 1984 
(WGS84). 
 69 
 
The second available soil type database is the Soil Survey Geographic 
Database (SSURGO). This is the most detailed soil geographic data released by the 
National Cooperation Soil Survey. SSURGO contains geo-referenced digital map 
data, digital tabular attribute data, and associated metadata. The soil map units are 
linked to attributes in the soil survey tabular database that gives the proportionate 
extent of the component soils and their properties (NRCS/USDA). A gridded map, 
including the hydrological soil group information, is required for estimation of the Curve 
Number in HEC-GeoHMS. These attributes are only provided by the gSSURGO 
dataset and not by the STSTSGO dataset. 
 
Hydrological Soil Group Description 
Group A 
Soils having a high infiltration rate (low runoff potential) when 
thoroughly wet. These consist mainly of deep, well drained to 
excessively drained sands or gravelly sands. These soils have a high 
rate of water transmission. 
Group B 
Soils having a moderate infiltration rate when thoroughly wet. 
These consist chiefly of moderately deep or deep, moderately well 
drained or well-drained soils that have moderately fine texture to 
moderately coarse texture. These soils have a moderate rate of 
water transmission. 
Group C 
Soils having a slow infiltration rate when thoroughly wet. These 
consist chiefly of soils having a layer that impedes the downward 
movement of water or soils of moderately fine texture or fine 
texture. These soils have a slow rate of water transmission. 
Group D 
Soils having a very slow infiltration rate (high runoff potential) 
when thoroughly wet. These consist chiefly of clays that have a high 
shrink-swell potential, soils that have a high water table, soils that 
have a claypan or clay layer at or near the surface, and soils that 
are shallow over nearly impervious material. These soils have a very 
slow rate of water transmission. 
Table 5.3: The different hydrological soil groups as defined in NRCS SSURGO. 
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Figure 5.7: Sample of extracted soil type map for a small region impacted by 
Hurricane Rita (2005). Data from gSSURGO (2.2). 
 
 
The Gridded Soil Survey Geographic (gSSURGO) database that was used in 
this study is derived from the Soil Survey Geographic (version 2.2) database dated 
December 1, 2014. These data were amended by merging the SSURGO digital vector 
map with the tabular data into a state-wide gridded map layer derived from the vector 
map, with the new value added to a lookup (value) table. Figure 5.7 illustrates an 
extracted soil type map for a region impacted by Hurricane Rita (2005). 
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The soil types are categorized hydrologically, based on their estimated of runoff 
potential (e.g. soils with high infiltration rate have a low runoff potential, and vice 
versa). Soils are divided into four different types (A, B, C, and D) corresponding to 
their water infiltration rates under the assumption of no protection by vegetation, 
thoroughly wet, receiving long-duration precipitation. The soil types in the United 
States are divided into three further classes (A/D, B/D, and C/D). The first letter is for 
drained areas and the second for undrained areas. All areas are assumed drained in 
HEC-GeoHMS for simplicity. The groups are defined in Table 5.3. 
 
5.3.3 Population Database 
The Gridded Population of the World, Version 3 (GPWv3) was selected to 
quantify the population in the impacted areas. The GPWv3 describes the distribution 
of human population across the world, transforming population census data (according 
to irregular census blocks and block group boundaries), which most countries collect 
for sub-national administrative units, into a regular raster-grid. GPWv3 gives the 
estimation of total population and population density for each cell, corresponding to 
the normal boundaries of the grid and the overlap between the irregular boundaries of 
administrative units (Center for International Earth Science Information Network - 
CIESIN - Columbia University and Centro Internacional de Agricultura Tropical - CIAT, 
2005). The GPWv3 layer for the continental U.S.A. has been used in this study and is 
illustrated in Figure 5.8. 
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Figure 5.8: U.S population map (GPWv3) with 2.5 arc-minutes resolution, or roughly 
5 km at the equator. 
 
 
5.3.4 DEM Grid Map 
The Shuttle Radar Topographic Mission (STRM) 30m Digital Elevation Data for 
the continental U.S.A was chosen as the DEM for the study. The STRM, produced by 
NASA, is a major breakthrough in digital mapping of the globe, and provides a major 
advance in the availability of high-quality elevation data for large portions of the tropical 
regions and other areas of the developing world. The NASA Shuttle Radar 
Topographic Mission (STRM) has provided digital elevation data (DEMs) for over 80% 
of the globe with a resolution of 90m. However, STRM data with 30m resolution is 
available in the continental U.S.A. and is used for the purposes of this study (Jarvis et 
al., 2008), (Figure 5.9). 
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Figure 5.9: Sample of extracted DEM grid map for a small region impacted by 
Hurricane Rita (2005). Data from STRM 30m. 
 
5.3.5 Total Rainfall Map 
The impacted areas for each storm have been extracted using the total rainfall 
map provided by Weather Prediction Center (WPC). The Weather Prediction Center 
has constructed the total rainfall map using data from National Weather Service, River 
Forecast Centers, and National Hurricane Center reports.The map yields derived 
areas with more than 5 inches [127mm] total rainfall as the impacted areas. 
Czajkowski et al. (2011) show that the total rainfall and predicted fatalities have an 
exponential relation, with fatalities starting to occur in areas with more than 5 inches 
total rainfall (Figure 5.10). Figure 5.11 shows the total rainfall for hurricane Rita.  
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Figure 5.10: The relation between predicted fatalities with the total rainfall, 
(Czajkowski et al., 2011). 
 
 
Figure 5.11: Hurricane Rita total rainfall map, National Hurricane Centre, NOAA. 
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5.4 Summary 
A method has been developed to quantify the impact of tropical cyclone rainfall 
in catchments covering broad areas impacted by tropical cyclone, with the aim of 
developing a methodology as a way of categorizing the influence of land 
characteristics on tropical cyclone impacts. The effective factors creating flood 
hazards are identified and quantified by hydrological, topographic and social 
indicators. The resulting NRCS-CN and the population of impacted areas are 
considered as the key indicators required for determining the vulnerability of specific 
areas. The severity of individual storms is assessed by considering the vulnerability of 
the whole area impacted by the storm. The application of the method to selected 
hurricanes follows in the next chapter. 
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6 Chapter6: Assessment of impact of land 
characteristics on freshwater flood vulnerability 
The National Resources Conservation Service Curve Number (NRCS-CN) has 
been selected as the first indicator to take into account the effects of hydrological 
characteristics for generating runoff. Two examples are presented to explain the role 
of the land characteristics, including soil type, land use and elevation of the impacted 
area, which are integrated into the NRCS-CN (United State Department of Agriculture, 
1986). 
 The first example compares hurricane Frances (2004) against hurricane 
Jeanne (2004). The results indicate why CAT2 hurricane Frances generated more 
fatalities and much greater damage than CAT3 hurricane Jeanne. The second 
example compares CAT2 hurricane Irene (2011) with CAT3 hurricane Rita (2005) to 
show why hurricane Irene generated more fatalities caused by freshwater flooding 
than hurricane Rita. 
 
6.1 Hurricane Jeanne versus hurricane Frances 
Category 2 (based on the SSHS) hurricane Frances (2004) caused 12 billion 
U.S. dollar (USD) worth of damage and led to 49 fatalities, compared with category 3 
Hurricane Jeanne (2004), with 7 billion USD of damage and 5 fatalities, in the United 
States, even though both made landfall at almost the same location, just 2 miles apart 
in Florida (Matyas and Cartaya 2009; Table 6.1, Figure 6.1 and 6.2). Further, the other 
existing hurricane scales such as SSHS, HII, HHI, and HSI also do not classify properly 
the differing impact of these hurricanes (Table 6.1). 
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Figure 6.1: Tracks of Hurricane Jeanne and Hurricane Frances (both in 2004; 
http://www.csc.noaa.gov/hurricanes). 
 
Characteristics Frances (2004) Jeanne (2004) Note 
Sustained wind (kt) 90 105 At landfall 
Radius of max wind (n mi) 29 39 At landfall 
Forward Speed (kt) 10 10.5 At landfall 
Max surge (ft) 6 5-6  
Landfall location Florida Florida (2 mi apart) 
U.S. damage (billion USD) 12 7 2004 values 
U.S. death toll 49 5  
SSHS 2 3  
HII 2 2.7 Kantha (2006) 
HHI 5.1 7.5 Kantha (2006) 
HSI 26 29 Hebert et al. (2010) 
Table 6.1: A comparison of the characteristics and existing hazard scales for Hurricane 
Frances (2004) and Hurricane Jeanne (2004). 
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Figure 6.2: A comparison of the wind field (kt) from (left) category 3 Hurricane Jeanne 
and (right) category 2 Hurricane Frances. The vertical and horizontal axes are degrees 
latitude and longitude, respectively. (Source: NOAA/AOML/HRD.) 
 
 
To consider these two systems in more detail and as outlined in chapter 5, firstly 
the areas with more than five inches total rainfall (impacted areas) for hurricanes 
Jeanne and Frances were identified (Figures 6.3). The land use and soil type polygon 
layers were then generated for the impacted areas using Arcmap10.1 (Appendix C). 
The gridded curve number maps of the impacted areas of each hurricane were 
subsequently generated using the framework shown in Figure 5.5. 
 
 
 79 
 
 
Figure 6.3: Hurricane Frances (2004) impacted areas (right dotted blue areas) 
versus Hurricane Jeanne (2004) impacted areas (left dotted blue areas). 
 
As illustrated in Figure 4.3, hurricanes Frances and Jeanne are ranked by the 
TCHI more accurately than the existing scales, based on their meteorological 
characteristics. For the land characteristics, the results show that the impacted area 
Curve Number of hurricane Frances and Jeanne are approximately the same, 74 
versus  77, respectively (Table 6.2) which is logically predictable due to their similar 
trajectory, i.e. both hurricanes impacted catchments with the same soil type and land 
use.  
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The question is then, what is the reason for the differences between the 
damage rate and death toll caused by Frances and Jeanne if they both impacted land 
with the same Curve Number? Despite some differences between their rainfall 
characteristics, such as their rainfall intensity, rainfall distribution, and rainfall duration 
which influence their rank position from the TCHI (Figure 4.2), another reason might 
be due to differences in their impacted population. Hurricane Frances affected more 
than 11 million residents with a population density of 130 people per square kilometer 
versus approximately half a million people with a population density of 32 people per 
square kilometer for hurricane Jeanne (Table 6.2). 
 
Table 6.2: Hurricane Jeanne (2005) and hurricane Frances estimated polygon areas, 
population and Curve Number. 
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6.2 Hurricane Rita (2005) versus hurricane Irene (2011) 
The characteristics of CAT2 hurricane Irene and CAT3 hurricane Rita are 
compared in Table 6.3. The U.S.A National Hurricane Centre (NHC) reports show that 
for hurricane Irene 21 out of the 42  fatalities were caused by freshwater flooding, 
compared with hurricane Rita with only one freshwater flooding fatality out of all 7 
direct fatalities. Direct deaths are deaths caused by the environmental force of the 
hurricane (e.g., wind or flood) or by the direct consequences of these forces (e.g., 
structural collapse). Indirect deaths are defined as deaths occurring in a situation in 
which the hurricane led to unsafe conditions (e.g., hazardous roads) or caused a loss 
or disruption of usual services that contributed to the death (e.g., loss of electrical 
services). The NRCS-CN grid maps for both hurricanes have been calculated for their 
respective impacted areas. The total impacted areas (Figure 6.4) for Irene and Rita 
are 82,182 km2 and 51,805 km2 respectively (Table 6.3). Adopting the methodology in 
Chapter 5, the calculated weighted averaged Curve Number for Rita is 85, against 78 
for Irene (Figure 6.5). This indicates that the areas impacted by Rita have greater 
runoff potential than Irene. However, ignoring any differences in emergency 
management decisions and evacuation systems, the degree of exposure might also 
be the reason for the difference in fatalities. Hurricane Irene impacted more than 19 
million residents, versus 1.6 million people affected by hurricane Rita (Table 6.3). 
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NO Characteristics Rita (2005) Irene (2011) Note 
1 Sustained wind (kt) 96 80 At landfall 
2 Radius of max wind (n mi) 16 20 At landfall 
3 Forward Speed (kt) 16 32 At landfall 
5 Landfall location Between Texas and 
Louisiana 
North Carolina  
6 SSHS 3 2  
6 U.S. damage (billion USD) 14.3 16.1 2013 USD 
7 Fresh water flooding 
death toll 
1 21  
13 Impacted area (𝑘𝑚)2 51,805 82,182  
14 Impacted population 1,642,000 19,672,000  
15 Curve Number 84 78   
 
Table 6.3: A comparison of the characteristics of hurricanes Rita (2005) and Irene 
(2011).  
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Figure 6.4: Hurricane Rita (2005) impacted areas (dotted blue areas in the Gulf of 
Mexico and hurricane Irene (dotted blue areas on the east coast). 
 
 
The impacted population has been plotted against the square of the tropical 
cyclone rainfall index, which is called the Total Rainfall Index (TRI) in this study (Figure 
6.6). Logically, the vulnerability to selected hurricanes should increase perpendicularly 
to the parallel lines shown in Figure 6.6, i.e. the vulnerability increases along with the 
displayed arrow in the graph. Consequently, the hurricane vulnerability rank number 
can be assessed as shown in the graph (Figure 6.6). 
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Figure 6.5: Sample of calculated NRCS-CN grid map for a region impacted by 
Hurricane Rita (2005). 
 
 
 
 
 
 
 85 
 
 
Figure 6.6: The hurricane vulnerability rank based on the population at risk and the 
squared TCRI. Estimated vulnerability rank is indicated by the numbers for each dot 
(hurricane). Red dots indicate hurricanes impacting areas with a similar population. 
 
 
The Root Mean Square Error (RMSE) in the rank position of hurricanes has 
been calculated for both damage and death toll scenarios. Table 6.4 shows that 
combining the population and the TRI as in figure 6.6 yields a lower RMSE in rank 
position, at 3.5 and 2.2, compared with the SSHS at 5.8 and 5.7, respectively. 
RMSE in Rank Position 
 Damage Death Toll 
TRI 3.5 2.2 
SSHS 5.8 5.7 
 
Table 6.4: The SSHS and TRI RMSE comparison. 
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There is a cluster of hurricanes in Figure 6.6 with roughly the same population 
at risk (red dots). The TCRI for this subset of hurricanes has been plotted against 
damage and death toll (Figure 6.7) to better identify other potential parameters. In both 
the damage and death toll cases, a threshold is recognizable (dash line in Figure 6.7 
a,b), and above these thresholds, these data show significant correlations with TCRI.  
 
Figure 6.7: The relation between TCRI and hurricane damage and death toll in the 
case of near constant population at risk. 
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When TCRI is constant, there is no detectable correlation between population 
and damage or death toll, which demonstrates that wind and storm surge are 
important. Thus, it is necessary to pursue a similar approach for  wind, and storm surge 
as individual tropical cyclone hazard components. However, difficulties arise since 
there is only limited data available for each hurricane hazard. A more detailed analysis 
of the causes of fatalities follows in the next section. 
 
6.3 Hurricane death toll analysis 
The National Hurricane Centre reports have been used to extract the 
characteristics of selected hurricanes such as death toll, wind speed, and damage. 
Reports from Dr B. Wayne Blanchard, the former director of the FEMA (Federal 
Emergency Management Agency) higher education program at its Emergency 
Institute, have been used to estimate the death toll arising from each main hurricane 
hazard, the wind, storm surge, and rainfall. The Dr Blanchard reports divide the death 
toll, based on their State location, into fourteen different categories; freshwater 
drowning, salt water drowning, tree fall, car accident, storm debris, poisoning, 
accidental, falls, fire, natural causes (health), suicide, electrocution, high surf, heat, 
and not noted (Dr B. Wayne Blanchard 2015, pers.comm., 14 May). 
 The extracted numbers of selected hurricanes from the reports are shown in 
Table 6.5. It is apparent that freshwater drowning is caused by rainfall, and that salt 
water drowning is due to storm surge, but there are some unclear reasons, such as 
car accident, falls, and electrocution where it is hard to determine what percentage of 
car accident related deaths arise from wet roads by rain and what percentage comes 
from accidents caused by trees which are felled by strong wind. Consequently, it was 
decided to divide all of the reasons for fatalities into three main types: a known cause, 
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an unattributed cause, and an unknown cause. Three different analyses have been 
performed using the above-mentioned classification, denoted as scenarios 1 through 
to 3: 
1. Considering rainfall as responsible for all unattributed deaths.  
2. Considering wind as responsible for all unattributed deaths. 
3. Allocating half of the unattributed reasons to deaths caused by rainfall and a 
half to the wind. 
 
In all three scenarios, salt water drowning and high surf have been attributed to storm 
surge related deaths, and unknown deaths have been excluded. 
Figure 6.9 illustrates the correlation between TCRI and death toll caused by 
rainfall in scenario 1-3. The results of these three scenarios are not consistent with the 
literature and the results shown in chapter 4. 
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Storm 
Freshwater 
Flood 
Saltwater 
Flood 
Tree 
Fall 
Car 
Accident 
Storm 
Debris 
Accidents Poisoning Falls Fire 
Natural 
causes 
Suicide Electrocution 
High 
Surf 
Heat 
Not 
Noted 
Total 
Irene 20 0 14 4 0 2 4 0 0 2 0 2 7 0 0 55 
Ike 16 10 23 5 0 0 9 2 6 12 5 6 0 0 8 102 
Frances 5 2 4 21 1 2 2 10 1 4 1 3 2 0 3 61 
Gustav 0 0 5 12 2 1 0 0 1 7 0 1 4 0 1 34 
Rita 2 0 5 27 1 1 9 1 21 2 0 2 1 11 20 103 
Ivan 12 5 7 8 7 0 1 2 1 8 1 1 2 0 70 125 
Hanna 1 0 0 0 0 0 0 0 0 0 0 0 0 0 6 7 
Ernesto 0 0 2 0 0 0 0 0 0 9 0 0 0 0 0 11 
Dennis 0 2 1 2 0 0 2 2 0 2 0 2 0 0 2 15 
Cindy 1 0 0 0 0 0 0 0 0 0 0 0 0 0 2 3 
Wilma 0 0 2 10 4 2 4 1 0 7 0 1 1 0 0 32 
Dolly  0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
Jeanne 5 0 2 0 1 1 0 6 2 2 0 3 0 0 0 22 
Charley 3 0 2 8 6 2 3 5 1 6 1 1 1 0 1 40 
Isabel 7 0 8 10 0 3 8 5 1 1 1 3 5 0 2 54 
Humberto 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 
Claudette 0 1 2 0 0 0 0 0 0 0 0 0 0 0 2 5 
Total 72 21 77 107 22 14 42 34 34 62 9 25 23 11 118 671 
Percent 10.7 3.1 11.5 15.9 3.3 2.1 6.3 5.1 5.1 9.2 1.3 3.7 3.4 1.6 17.6 100 
 
Table 6.5: Causes of death based on the Blanchard reports. 
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Figure 6.8: The correlation between TCRI and death toll caused by rainfall based on 
three scenarios and using data extracted from the Blanchard reports. 
 
 
 
Figure 6.9 indicates the correlation between the TCWI and deaths caused by 
rainfall for the same three scenarios. The correlation in both scenarios 2 and 3 reveal 
that most of the unattributed hurricane deaths correspond to the wind. 
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Figure 6.9: The correlation between TCWI and death toll caused by the wind based 
on three scenarios and using data extracted from the Blanchard reports. 
 
The deaths caused by storm surge have been considered the same in all three 
cases. Figure 6.10 represents the correlation between TCSI and deaths caused by 
storm surge. The correlation between the developed storm surge index and assumed 
death toll caused by storm surge (from the Blanchard dataset) is even less than the 
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correlation between TCSI and hurricane total death toll (Figure 4.2). This means that 
the hurricane death toll may be as a result of a combination of more than one hurricane 
hazard. For example, in a case of the evacuation process, people may be killed due 
to a crash with a tree felled by a strong wind while the car brakes did not work well 
due to a road wetted by rain. Consequently, in most of the cases, it is hard to determine 
the exact cause of death. This is why sometimes the sub-indexes have a better 
correlation with total hurricane death toll. 
 
 
Figure 6.10: The correlation between TCSI and death toll caused by storm surge 
based on Blanchard reports. 
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7 Chapter 7: Conclusion and Discussion 
This thesis has presented a new methodology for classifying tropical cyclone 
hazards based on their three dominant meteorological characteristics. Moreover, a 
number of effective land indicators have been assessed to find the relevant land 
vulnerability factors in the case of freshwater flooding caused by tropical cyclone 
rainfall. In this chapter, the key achievements of this thesis are highlighted through a 
concluding discussion and further research paths ahead are discussed. 
 
7.1 New Tropical Cyclone Hazard Index 
Several methods exist to classify tropical cyclones based on their hazards and 
severity (Irish and Resio, 2010, Hebert et al., 2010, Kantha, 2006, Simpson, 1974, 
Fujita, 1971). The literature review (Chapter 2) revealed that none of the current scales 
and indexes consider rainfall. The absence of rainfall was identified as a major issue 
based on data showing that a considerable part of tropical cyclone damage and death 
toll arise from rainfall (Rappaport, 2014, Czajkowski et al., 2011, Rappaport, 2000). 
The new Tropical Cyclone Rainfall Index (TCRI) introduced is based on 
dimensionless parameters which represent three main agents; the rainfall intensity  
I
I0
 
, the rainfall area or distribution 
A
A0
 , and the duration of rainfall by considering the 
storm forward speed, 
C0
C
. The new rainfall index along with modified wind and storm 
surge indexes have been applied to Atlantic basin hurricanes which made landfall in 
the continental USA between 2003 and 2012. The results show that, in both the 
damage and death toll models, the rainfall index (TCRI) has the best correlation, in 
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comparison with the wind and storm surge indexes (Figure 4.2), consistent with data 
showing that freshwater flooding is the leading cause of death in most hurricanes 
(Rappaport, 2014, 2000). 
Furthermore, the three individual indexes have been integrated into a combined 
Tropical Cyclone Hazard Index (TCHI). The new index compares well with other widely 
used scales in the literature. The TCHI has a better correlation with damage and death 
toll caused by hurricanes, R2 = 0.81 and 0.88, respectively, indicating an improved 
model compared to existing scales. The new index ranks selected hurricanes with a 
lower RMSE in rank position compared to the Saffir-Simpson hurricane scale, for both 
the damage and death toll scenarios (Table 4.1). 
The new tropical cyclone hazard index can also provide quantitative estimates 
of damage and death toll. The methodology has the potential to be coupled to real-
time parametric models to better classify approaching hurricanes according to their 
physical hazards and to estimate the potential damage and death toll, enabling 
improved hazard planning and emergency response.  
 
7.2 Land Characteristics vulnerability assessment 
A methodology has been developed to assess the vulnerability of land in the 
case of freshwater flooding caused by hurricane rainfall. The land use type, 
hydrological soil type, and elevation map have been considered as the hydrological 
effective factors for estimation of the NRCS-CN, as well as taking into account the 
population at risk of each hurricane as the exposure of hazard. 
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 Two comparison examples have been presented to explain the role of the land 
characteristics on vulnerability; hurricane Frances (2004) versus hurricane Jeanne 
(2004), and hurricane Rita (2005) versus hurricane Irene (2011). 
 These results show that the impacted area Curve Number of hurricanes 
Frances and Jeanne are approximately the same (Table 6.1) which is logically 
predictable due to their similar trajectories (Figure 6.1). The reason for differences 
between their damage and death toll despite the differences in their rainfall 
characteristics might be due to the significant difference in the number of residents at 
risk (impacted population). Hurricane Frances affected more than 11 million residents 
with a population density of 130 people per square kilometre versus approximately 
half a million residents with a population density of 32 people per square kilometre for 
Jeanne (Table 6.2). 
The same calculations have been performed for CAT3 hurricane Rita and CAT2 
hurricane Irene to support the theory that population at risk is the most important 
indicator of freshwater flood vulnerability, between those indicators which were 
considered in this study. These results indicate that the areas impacted by Rita have 
greater runoff potential than Irene. However, ignoring any differences in emergency 
management decisions and evacuation systems, the degree of exposure might also 
be the reason, since Irene impacted more than 19 million residents versus 1.6 million 
exposed in hurricane Rita (Table 6.2). 
 
7.3 Recommendations and future research ideas 
According to the results which are consistent with the literature, rainfall is often 
the deadliest and costliest hurricane hazard, but it is ignored in all existing hurricane 
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scales and indexes. However, fatalities and damage due to freshwater flooding are 
influenced by many factors, only some of which have been considered in this study.  
It would be worthwhile to consider more detailed social factors including age 
range, gender, and poverty instead of the total population at risk. Then the resulting 
indexes can be used for different ungauged and gauged basins (a gauged basin is 
defined as a basin that has enough stations with observation sequences long enough 
to determine the hydrological processes). Basins with roughly the same characteristics 
can be used for setting the training and testing stages (with the gauged basin used to 
train the model and the ungauged basin used to apply and test the model).  
It may be useful to develop the same methodology as used for the rainfall 
analysis for finding the most important land vulnerability indicators for wind and storm 
surge, and then combine all three meteorological individual and land vulnerability 
indices together. Other considerations could include the storm approach angle, 
bathymetry and topography of coastal regions, hydraulic control structures of impacted 
area such as dams, floodgates, and levees. 
Although, the newly developed indexes (TCWI, TCRI, TCSI, and TCHI) can be 
used to predict potential damage and death toll, due to the high uncertainties in 
prediction of the hurricane trajectory over land, which will affect the impacted area and 
the amount of rain, the indices are presently most useful to use for post-event analysis. 
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9    Appendix A: Leave-One-Out Cross Validation 
(LOOCV) 
The Cross-Validation (CV) method defines a dataset to test the model in the 
training segment, in order to limit problems such as overfitting, to give a judgment on 
how the model will generalise to an independent dataset. 
Cross-Validation statistical methods split the dataset into segments for training 
and validating the model (Arlot and Celisse, 2010; Refaeilzadeh et al., 2009). K-fold is 
a basic form of Cross-Validation, which divides the original sample into k equal size 
subsamples. One of the subsamples is used as the validation data for testing the 
model, and the remaining k-1 subsamples are employed as training data. Then, the 
Cross-Validation is repeated k times and k results can be averaged to produce a single 
estimation. 
The Leave-One-Out Cross-Validation (LOOCV) method is a k-fold approach, 
but with k equal to the number of data points. The LOOCV is typically used in the 
analysis of very small datasets, where the relatively high variance of the Leave-One-
Out estimator is offset by the stability resulting from the greater size of the training 
portion (Cawley, 2006). 
A, B, …, d in Table A.1 are the correlation coefficients based on model 
equations 10 and 11a,11b, and 11c, and subscript 1 and 2 corresponds to damage 
and death toll scenarios, respectively. The numbers show the selected model 
equations are acceptable due to LOOCV method results shown in Table A.2. 
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Storm A1 A2 B1 B2 C1 C2 a1 a2 b1 b2 c1 c2 d1 d2 
Humberto 0.51 4.323 1.79 13.4 0.67 0.57 2.66 1.37 0.485 2.04 4.64 1 1.7 2.43 
Dolly 0.385 2.09 1.67 16.39 0.72 1.19 4.79 6.57 0.46 1.72 4.85 1 1.79 1.63 
Cindy 0.483 4.19 1.82 13.22 0.682 0.65 2.72 1.41 0.49 2.06 4.6 1 1.7 2.44 
Claudette 0.5 4.38 1.78 13.15 0.673 0.65 2.68 1.32 0.49 2.06 4.66 1 1.71 2.46 
Jeanne 0.51 5.455 1.78 11.622 0.67 0.506 2.66 1.5 0.485 2.13 4.65 1 1.7 2.41 
Hanna 0.486 4.3 2.17 14.22 0.656 0.542 2.59 1.47 0.506 1.96 4.2 1 1.54 2.26 
Ernesto 0.495 4.68 1.895 14.418 0.668 0.175 2.654 0.768 0.484 1.971 4.53 1 1.67 2.65 
Dennis 0.514 4.37 1.66 11.99 0.673 0.585 2.7 1.23 0.48 2.18 4.8 1 1.75 2.68 
Isabel 1.23 6.82 2.68 5.46 0 0 0 0 0.576 3.08 8.23 1 3.8 4.45 
Charley 1.45 4.98 2.6 15.64 0 0 1.545 1.66 0.33 1.84 4.04 1 0.95 1.92 
Wilma 0.55 4.21 1.7 13.28 0.64 0.63 3.16 1.39 0 2.06 5.36 1 0 2.44 
Irene 0.668 3.22 0.164 10.64 0.626 1.1 3.165 2.21 0.01 2.36 10.385 1 3.259 2.9 
Frances 0 3.23 2.8 12.98 0.72 0.51 7.82 0.367 0.54 2.19 3.87 1 1.74 2.93 
Gustav 0.485 4.228 2.6 7.96 0.66 0.628 2.29 0.93 0.555 2.7 3.73 1 1.43 3.67 
Ivan 0.5 4.52 1.74 14.6 0.67 0.5 2.69 1.51 0.6 1.93 4.53 1 1.66 2.22 
Ike 0.58 4.66 2.27 14.48 0.62 0 2.71 0.84 0 2.46 4.04 1 0.99 2.1 
Rita 0.52 4.46 1.83 15.86 0.67 0 2.66 0.985 0.5 1.63 4.58 1 1.68 1.35 
VAR 0.10 0.92 0.34 7.40 0.05 0.12 2.30 1.85 0.04 0.12 2.71 0 0.64 0.49 
Average 0.580 4.360 1.938 12.901 0.589 0.484 2.911 1.502 0.411 2.139 5.041 1 1.710 2.526 
TCHI 0.5 4.35 1.79 11.45 0.67 0.56 2.65 1.33 0.48 2.07 4.64 1 1.7 2.48 
 
Table A.1: Different LOOCV model coefficients compared with the derived TCHI model coefficient. 
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Storm 
TCHI 
Damage 
Damage 
(CV Model) 
TCHI 
Death 
Death toll 
(CV Model) 
Damage 
(Actual) 
Death(Actual) 
CV Damage 
Error 
TCHI Damage 
Error 
CV Death 
Error 
TCHI Death 
Error 
Damage CV 
R^2 
Death toll 
CV R^2 
Humberto 0.59 0.59 5.2 5.33 0.05 1 0.54 0.54 4.33 4.20 0.80 0.86 
Dolly 3.84 35.99 17.17 133.47 1.45 1 34.54 2.39 132.47 16.17 0.81 0.89 
Cindy 2.21 2.24 5.2 5.37 0.4 3 1.84 1.81 2.37 2.20 0.81 0.86 
Claudette 1.39 1.39 2.91 2.88 0.5 5 0.89 0.89 2.12 2.09 0.80 0.86 
Jeanne 8.06 8.1 26.43 31.29 8 5 0.10 0.06 26.29 21.43 0.81 0.88 
Hanna 2.06 2.41 10.27 11.66 0.2 7 2.21 1.86 4.66 3.27 0.80 0.86 
Ernesto 1.21 1.3 18.18 23.71 0.575 11 0.73 0.64 12.71 7.18 0.80 0.86 
Dennis 1.11 1.04 4.87 4.37 2.65 15 1.61 1.54 10.63 10.13 0.81 0.87 
Isabel 14.29 25.2 37.06 65.9 4.55 16 20.65 9.74 49.90 21.06 0.94 0.92 
Charley 10.58 3.58 20.12 12.43 20 35 16.42 9.42 22.57 14.88 0.91 0.88 
Wilma 25.44 61.54 36.44 37.46 24.5 36 37.04 0.94 1.46 0.44 0.81 0.86 
Irene 5.97 4.81 20.2 16.25 16.1 49 11.29 10.13 32.75 28.80 0.87 0.91 
Frances 11.42 7.95 41.66 30.45 14.75 49 6.80 3.33 18.55 7.34 0.82 0.87 
Gustav 8.41 9.36 36.84 30.415 4.65 53 4.71 3.76 22.59 16.16 0.82 0.88 
Ivan 21.84 21.17 57.12 60.4 21.9 54 0.73 0.06 6.40 3.12 0.79 0.86 
Ike 31.45 22.97 124.05 177 31.8 112 8.83 0.35 65.00 12.05 0.73 0.85 
Rita 14.42 14.62 111.89 85.49 14.3 127 0.32 0.12 41.51 15.11 0.81 0.83 
VAR 81.19 248.05 1164.89 2246.94 97.67 1336.06 131.63 11.51 1013.77 63.43   
Average 9.664 13.192 33.859 43.169 9.787 34.059 8.78 2.80 26.84 10.92 0.82 0.87 
TCHI                     0.81 0.88 
      SUM 149.25 47.58 456.31 185.63   
 
Table A.2: The actual, TCHI model, and LOOCV method damage and death toll, and the resulting R2. Damage in USD billion. 
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10   Appendix B: Hurricane rainfall trend from 48 hr 
before landfall to landfall. 
In order to check for a relation between hurricane rainfall and damage and 
death toll caused by hurricanes, the characteristics of rainfall such as Intensity (I), 
Rainfall size (A), and storm forward speed (C) have been calculated from 48 hr before 
landfall to landfall. The results show the landfall time rainfall characteristics have the 
best correlation with damage and death toll (Figures B.1 and 4.2).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The averaged hurricane rainfall severity, 
𝐶0
𝐶
 , has been calculated for each selected 
hurricane. The results are summarised in Figure B.2 and B.3. Although the results 
show the severity of the hurricane rainfall is decreasing toward land (Figure B.2), the 
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Figure B.1: The correlation between TCHI calculated 48 hr and 24 hr before landfall, 
and the actual damage and death toll. 
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disordered bars for different hurricanes show that there is no simple trend or 
correlation between rainfall characteristics and time (Figure B.3). 
 
 
Figure B.2: The averaged hurricane rainfall severity (𝑰𝑨
𝑪𝟎
𝑪
) from 48 hr before to 
landfall time. 
 
 
 
Figure B.3: The 48 hr, 24 hr, 12 hr, 6 hr, and landfall rainfall severity (𝑰𝑨
𝑪𝟎
𝑪
), separated 
for each selected hurricane. 
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11   Appendix C: More examples of impacted rainfall 
area 
The impacted areas for a number of selected hurricanes such as Dennis, 
Charley, Gustav, Ernesto, Ivan, Hanna, Rita, and Katrina are presented in this 
appendix.  
 
 
Figure C.1: Hurricanes Dennis (blue dotted) and Charley (green dotted) impacted 
areas calculated in ARCGIS. 
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Figure C.2: Hurricanes Gustav (blue dotted) and Ernesto (green dotted) impacted 
areas calculated in ARCGIS. 
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Figure C.3: Hurricanes Ivan (blue dotted) and Hanna (green dotted) impacted areas 
calculated in ARCGIS. 
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Figure C.4: Hurricanes Rita (blue dotted) and Katrina (green dotted) impacted areas 
calculated in ARCGIS. 
 
